ANALYSIS OF DAMAGE OF AN OPEN SABO DAM USING THE APPLIED
DISTINCT ELEMENT METHOD
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ABSTRACT

Recently, collapse incidents of sabo dams due to large-scale debris flows have been investigated in Japan. This disaster is caused by the
impact force of debris flows exceeding the design load. The design load that can withstand large-scale debris flow need be estimated to
study the limit states and failure mechanism of the dams in view of the disaster data. This study validated the failure mechanism using the
applied distinct element method to analyze the reproduction of a damage case using past disaster datum. As a result, it was determined that
the upstream displacement of the dams occurred due to the influence of ‘push-in buckling deformation’ in the steel pipe, ultimately leading

to damage at the steel pipe joints, causing the steel pipe components to flow downstream.

INTRODUCTION

Recent extreme weather events have caused large-scale debris flows and damage to the steel pipes of open sabo dams. In 2014, during the
large-scale debris flow in Nagano prefecture, the upper part of a steel pipe open sabo dam flowed downstream when the joint connects
of the steel pipes ruptured. Figure 1 shows the post disaster conditions of the dam and the assumed failure mechanism. The hollow steel
in the second row of the members were deformed as if they were pushed in by the lower horizontal members that remained after the
disaster. This damage may be attributed to the occurrence of debris flows that exceeded the design load. Figure 1 (a) is the damage of the
dam after the debris flow disaster in site. Figure 1 (b)-(d) show a schematic of the estimated fracture mechanism (MLIT,2014). However,
this mechanism is inferred from the damage to the components investigated in the field as analyzing the cause of damage to the dams is
difficult. Therefore, an analytical method that can reproduce the failure modes of sabo dams is required. In this study, the strengths of steel
pipes and their joints were estimated using the section partition method, and their strength characteristics were reproduced using the ap-
plied distinct element method (DEM) with the constitutive law of the joints. And the failure mechanisms of sabo dams and the applicability

of the analytical method are discussed.
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Figure 1 Incident of steel pipe open Sabo dam and review of damage mechanism. (a) The damage of
open sabo dam after the debris flow disaster in site. (b) The boulder debris flow first hit the sabo
dam, (d) The boulder flow directly hit the rear steel pipe, and (d) 50 % of the sabo dam was broken,
and the structural member outflowed into the Kiso River.
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Figure 2 Flow velocity distribution model, (a) The water-flow-distribution model adopts three
domains, and (b) Arbitrary cross section of downstream section and sedimentary section(Shimakawa
etal. 2023).
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OUTLINE OF DEM

The applied DEM is a numerical scheme. Rigid elements (boulders) are sphere shape whose motion and interactions obey Newton's laws.
The current model (Shimakawa et al., 2021, Horiguchi and Richefeu, 2020) provides specific features summarized as follows:

DIn boulder-boulder contact, normal and tangential contact forces are obtained from linear springs in series with dash-pots that enable
energy dissipation. Energy dissipation is also achieved through Coulomb friction. The choice of the related parameters is subsequently spec-
ified. 2)The boulder-pipe tube contact forces are obtained in a similar manner, but the choice of parameters is modeled by comparison with
finite-element method (FEM) simulations. 3)In addition to gravity, the boulders experience a drag force field that emulates a steady flow. This
flow occurs in a channel with a slope and width similar to experimental conditions. The initial velocity (U0) and initial water depth (h0) are
set according to site investigation data. The drag coefficient is set to 0.49, and the Reynolds number was in the range of 103 to 105 (Table
1. 4)Only the largest boulders are included in the model because the influence of the smallest is negligible. The sediment grading curve
was obtained from the site investigation. 5)The roughness of the river bed is accounted for by setting fixed a rigid element that produces a

hilly slope (Adachi, 1964). 6)The dam is modeled using piPeb}ul?eg C(l)nr;ected with joints.
able 1 Analysis paprameter

Itme Value
Sabo dam model Cylinder model (Number) 496
(Number) Clump model (Number) 74
Boulder Doys-Digo (1 .60-3.00 1’1’1) 378
model Dso -Dos (1.00-1.60 m) 1111
(Number) Do -Dgy (0.20-0.95 m) 6340
Velocity vo (m/s) 9.7
Flow Depth Ajy (m) 3.3
Drag force coefficent 1.0
Holl i Bending stiffness E7 (N-m?) 2.36x107
(Thic?k ?‘: zsgefnm) Yeild moment (N -m) 3.71x10°
Axial tention stiffness E4A (N) | 4.00x108
Bending stiffness EI (N-m?) 7.64x10°
Hollow stecl Yeild moment (N m) 3.00x10°

(Thick = 12.7 mm) = : =
Axial tention stiffness £4 (N) 2.4x10%

Bending stiffness £/ (N-m?) 1.27x107

Hollow steel

(Thick £ = 16 mm) ' Yeild 'momf:nt (N-m) 3.25%10°

Axial tention stiffness £4 (N) 3.0x10%

Joint part Bending stiffness £/ (N-m?) 6.78x107

SM490 Yeild moment (N -m) 2.41x10°

Joint part Bending stiffness £/ (N-m?) 6.45%x107

SM400A Yeild moment (N -m) 2.36x10°

Joint part Bending stiffness £/ (N-m?) 6.45x107

SM400B Yeild moment (N -m) 2.36x10°

Push-in buckiling Axial tention stiffness E4 (N) | 2.00x10°
defomation

Normal spring constant (N/m) 1.00x103
Shear spring constant (N/m) 3.50x107

Between element

spring Viscocity (N) 0
Damping constant 0.8
Friction constant 0.404
Time increment A¢ 1.00x107

Table 1

FLOW VELOCITY DISTRIBUTION MODEL

The flow velocity distribution model was used to evaluate the fluid force (Horiguchi et al., 2019). The velocity distribution model yields the
flowing water as a velocity distribution, and the boulder in the range of the flowing water is subjected to hydrodynamic forces depending
on its relative velocity. For computational efficiency, the boulders in this study were assumed to be larger than 20 ¢cm in diameter. The ve-
locity distribution model was analyzed in two phases: dividing the flow velocity distribution model into a flow domain (Category I) and an
approach and trapping domain (Category II). Categories I and II are defined as the downstream area up to the point where the debris flow
contacts the preceding sedimentary gravel (Category I) and the flow domain up to the point where the debris flow contacts the preceding
sedimentary gravel (Category ID 1. Based on the above, the velocity distribution model was used to analyze the downstream flow until the

debris flow model reached the dam. The initial flow velocity and water depth were estimated for the study group, as shown in Table 1.
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ANALYSIS CONDITION

Figure 3(a) shows boulder models with spherical elements. The boulder models were based on the local gravel diameter survey at the time
of the disaster to match the boulder diameter distribution The total volume of the spherical element flowing downstream was 20,000 m3.
Figure 3(b) shows the dam model. The dam model use clump elements composed of cylindrical elements. Figure 3(c) shows a schematic
of the hydrographic model. The local riverbed was modeled using triangular planar elements in analysis. The slope was set to 11.3 ° and
averaged from the slope around the dam at the site. The channel length was 400 m, with a 20 m horizontal section upstream of the dam. At
the bottom of the channel, cylindrical elements with a diameter of 40 cm were placed at a net spacing of 160 cm (intermediate grain size)
as the bottom roughness. Figure 4 shows a cross-sectional view of the channel around the dam. The frontal view shown in Figure 4(a) is
trapezoidal with asymmetrical slopes. Figure 4(b) shows upper view of the channel. In addition, disaster reports indicated that debris flow
occurred twice and that the debris flow occurred after depositing more than 30 % of the dam height ahead of the dam. As an initial con-
dition for the analysis, the gravel was deposited at 30 % of the height of the dam. The channel width was maintained at a constant value
at the dam. The constitutive law of the coupling spring was derived from the cross-sectional characteristics of the steel pipe and joint. The
constitutive law of the bending spring was obtained using the section partition method. The axial and shear force springs were estimated
from the stress—strain relationship between the cross-sectional area and steel. It is known that push-in buckling deformation damages of
sabo dams. Therefore, the stiffness of the steel pipe under local deformation, calculated using the modified Ellinas formula, was used for the
lower horizontal members subjected to push-in buckling deformation in the field. Table 1 shows the analytical specifications. The velocity

distribution model used an initial velocitv of vint = 9.7 m/s estimated (MLIT.2014).
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Figure 3 Channel condition and boulder model (a) the boulder models were based on the local
gravel diameter survey at the time of the disaster to match the gravel diameter distribution, which
were 0.2-0.95 m, 0.95-1.6 m, and 1.6—3.0 m, and are colored red, yellow, and green, respectively,
and (c) The slope was set to 11.3 ° and averaged from the slope around the dam at the site. The
channel length was 400 m, with a 20 m horizontal section upstream of the dam.
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Figure 4 Cross-section view of channel: (a) trapezoidal with asymmetrical slopes , and (b) upper
view of the channel.

ANALYSIS RESULT

Figure 5 shows the collision process in the reproduced analyses. Figure 5(a) shows debris flow immediately before it hit the initial preceding
sedimentary gravel (t = t0). Figure 5(b) shows the height the debris flow model reached the dam height (t = t0 + 2.0 s). However, each of
the four lower horizontal steel pipes deformed approximately 10 cm downstream of the push-in buckling deformation. Figure 5 (¢) shows
that the lower horizontal steel pipes was subjected to the push-in buckling deformation of approximately 20 cm and that the debris flow
model reached the top of the dam (t = t0 + 4.0 s). Figure 5(d) shows that all joints of the steel members on the upstream face ruptured (t =
t0 + 6.5 ). Figure 5(e) shows that three of the four steel members and two of the four upper support diagonals in the second row broke at
their joints (t = t0 + 8.0 s). The lower horizontal member was pushed further after the rupturing of the uppermost upstream steel member,

resulting in a push-in buckling deformation of approximately 30 c¢cm.
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Figure 5 The collision process in the reproduced analyses: (a) t = to, (b) t =to +2.0's, (c) t = to +
4.0s,(d)t=to,and (e) t=to

INTERNAL RESPONSE CONSIDERATIONS

The indentation deformation and time relationship of the four lower horizontal members is indicated. The four lower horizontal steel pipes
each deformed downstream by about § = 100 to 130 mm (t = t0 + 2.0 s). The front of the dam tilted slightly downstream (t = t0 + 4.0 s),
causing a push-in buckling deformation of § = 140-190 mm in the lower horizontal steel member. The debris flow model reached near the
top of the dam. The top joint of the uppermost face steel member ruptured (t = t0 + 6.5 s), deforming the upper horizontal steel member
to convex upward, and three of the four second-row steel members ruptured at the joint. Additionally, the push-in buckling deformation
occurred instantaneously at the stage where the joint ruptured. Because the first joint ruptured at t = t0 + 5.5 s, the maximum indentation
deformation reached about 300 mm (t = t0 + 6.5 s). A larger push-in buckling deformation occurred instantaneously after the upper steel
members, including the upper horizontal members, flowed downstream. The joints of the uppermost upstream face column members rup-
tured by reaching the rupture rotation angle at t = t0 + 5.5 s, causing the joint to rupture. The axial and shear force responses were approx-
imately 10 % and 25 % of the yield point, respectively, until the joint ruptured due to the bending moment. In other words, in this analysis,

the bending moment was dominant during joint rupture.

RESULTS AND DISCUSSION

This study evaluated the load-carrying performance of an open sabo dam that experienced debris flow using a site investigation. However,
design methods for practitioners remain unclear. Estimating an impact load due to boulder debris flow is difficult, and the mechanism is
complicated. An evaluation method must be developed to improve the design standards for steel-pipe open sabo dams. Current Japanese
design uses a statistical load evaluation. In addition, the design method considers the evaluation of boulder collision loads and the debris
flow fluid force. Although debris flows simultaneously generate boulder movement and subsequent sedimentation, the mechanisms of fluids
and rigid bodies are not fully coupled. Additionally, a larger value is adopted in the present design. However, determining the maximum
boulder size (D95) in the site investigation was difficult, and a 1.0 m or 2.0 m boulder was used based on empirical data. Therefore, the
debris-flow fluid force was calibrated by considering the safety factor. A novel design standard for the water-boulder coupling formula is
suggested to accurately evaluate impulsive loads. The proposed method is a coupling method between fluid force and boulder collision and
will be improved through the collection of local disaster data and reproducing events to yield knowledge on the proposed method in the
future (Horiguchi and Richefeu, 2020).

CONCLUSIONS

The study estimated the failure mechanism of a steel pipe open sabo dam used in DEM, and the analysis parameters of the steel members
were determined using the section partition method and introduced as the configuration of the connect spring. The analysis results showed
that the top of the dam spilled because of the preceding sedimentary gravel, weak joints, and push-in buckling deformation. Thus, the results
reproduced the failure behavior of the dam that occurred. Push-in buckling deformation had a significant effect on the internal response

to dam failure.
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