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Gutenberg—Richter trend line [82], which provides the ratio between the number of small and large
events and the level of seismicity [83].
The probability is defined by:

i= ¢ P[S > Solm, v, 1fm(m)fr(r) f ( )dm drd (6)
m r
If the analysis involves more of one seismogenic zones (where N5 = number of seismogenic zones),
the probability of exceedance is defined by:

N

s = PIS>S)= |

i 7)

Figure 3 shows some curves (as results example) in terms of accelerations vs. structural period
(Figure 3a) and hazard contribution respect to the magnitude and fault-site distance (Figure 3b).

Return period
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Figure 3. Example of hazard curves (a) and hazard contributions (b).

MCS is used to analyse the sustainability of the structure respect to the stability and deformations.
LS function is written as the difference between the stable actions Ag, and unstable actions Ay:
G(X) = As(X) — Ay. When Ag < Ay, G(x) <0, the failure is achieved.

Figure 4a,b shows the generated MCS points, whereas Figure 4c—d shows an example how to
identify the LS function (Figure 4c) and the PDF in 3D (Figure 4d). To the left of the intersection point
(Figure 4c), between stable and unstable trend line, there is the “no safety” state (G(X) < 0), whereas to
the right of this point there is the “safety” state (G(X) > 0). The PDF in the (x;, xj+1) point represents the
value of the probability around (x;, X;+1) point in relation to the amplitude of this around (density).

(a) (b)

Figure 4. Cont.
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Figure 4. MCS points for 1 x 10* simulations in spread form (a) and linear form (b). Individuation of
the LS (c) and PDF (d) respect to RVs for G(X) = 0.

Figure 5 shows the methodology by the flow chart used in the analysis. The flow chart is divided
in two principal parts: general and specific part. In the first one, the process and operation phase
are defined. Here, choices, decisions, individuation of the structure (issue), hazards, and the possible
approaches are established. Then, the technical actions are analysed in terms of data and control of
modelling and analyses. Here, a specific concrete arch-dam is individuated (case study), by defining
sub-systems data, RVs, methods and approaches (if the modelling and analysis are not satisfactory
and are not consistent to the individuated hazards, it is necessary to start over). Finally, scenarios are
estimated in terms of stability and deformations of the dam by providing safety and no-safety domain
(sustainability assessment) and probability of failure (safety assessment). The flow chart concluded by
taking a final decision from managers and technical engineers.
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Figure 5. General methodology flow chart.

5. Results

5.1. Sustainability Assessment

Here, six scenarios to evaluate the sustainability assessment accounting the deformation and
stability of concrete arch-dams are shown. Stable actions refer to the probabilistic parameters in Table 1.
By knowing the mean RV and SD for each parameter it is possible to generate a several points by MCS.
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To the left of the Figures 6 and 7 the trend lines of the stable and unstable actions are shown.
The horizontal dashed line indicates the LS line (i.e., the mean line when the stable line intersects the
unstable line). For the stable action, its logarithmic trend line is also plotted, which shows better the
progress of an action that starts from zero and reaches its maximum value. The logarithmic trend
intersects the unstable line before respect to the linear stable trend. This gap could represent a security
factor that increase the “safety” LS. When the dashed horizontal line rises, the p¢ increases and so the
“no safety” state is more probable.
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Figure 6. Three scenarios (I-III) regarding dams’ deformation. Trend lines of stable and unstable
actions vs. number of simulation (left); PDF when As = Ay, (right).
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Figure 7. Three scenarios (IV-VI) regarding dams’ stability. Trend lines of stable and unstable actions
vs. number of simulation (left); PDF when Ag = Ay (right).

To the right of the Figures 6 and 7, the PDFs when (As = Ay) are plotted. The solid curves represent
the PDFs by mean RVs, whereas the dashed curves represent the PDFs by negative SDs.

5.2. Safety Assessment

Finally, the risk management model defined in literature [12,14] show the need of defining the
undesirable event with the potential for harm or damage in these following steps: individuation of
hazards — defining of potential for failure — estimating of consequences (harm to people, assets,
environment). These steps are needed to design and justify engineering activities (why act?), to propose
activities maintenance (when to act) and to tackle operations activities (how to act).

In this sense, the safety management assessment can be evaluated by quantifying the ps. Table 3
and Figure 8 summarize the results in accordance to Figures 6 and 7.
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Table 3. Identification of impacting hazards.

Scenario Parameter Unit Ay Mean of G(X) SD of G(X) o3

I Dead stress kN/m? 2130 85.4 128.33 0.3095

I Elastic displacement mm 140 11.32 17.40 0.3097

I Elasto-plastic displacement mm 170 16.71 21.67 0.2753

v Hydrostatic pressure kN/m? 1065 42.52 63.65 0.3053

A% Hydrodynamic pressure kN/m? 342 8.61 20.21 0.3791

VI Acceleration cm/s? 285 18.14 35.10 0.3496

40% 3791% 34.96% Ay ®mAumax ®Aumin
& 30.95% 30.97% 30.53% ro
F 30% 27.53% % 0.50
i 20% T oo
£ E
E g 040
£ 10% B
£ 0.20
0% 0.00
1 2 3 4 3 [ 1 5 3 4 5 6
Scenario Scenario
(a) (b)
Figure 8. Estimates for risk management models in terms of ps (a) and normalized values (b).
6. Summary

This paper mainly aimed to review the knowledge on the development of sustainability and safety
assessment through the study of structural stabilities/deformations and failure risk consequences,
respectively, for concrete gravity arch-dams.

In order to carry out the main analysis, several aspects have been defined: materials regarding the
sub-systems (dam, foundation, reservoir, sediments) and their interactions; methods respecting to the
operating systems of a project; deterministic and probabilistic variables; modelling and methodologies.

From precedent-specific studies of the authors investigating dam design, more than 10 theoretical
modelling, 10 modelling types by software, more than 100 specific parameters, and more than
100 references are summarized.

This paper addresses and comprises critical aspects that are summarized as follows: (i) to show
innovative approaches respecting to the enormous quantities of variables that are involved for concrete
arch-dams; (ii) to provide numerical values of parameters to design concrete arch-dams; (iii) to show
the project phases and methodologies; (iv) to estimate different scenarios respecting to the main actions
on the dam system; (v) to contribute to the knowledge of the state-of-the-art about concrete arch dams.

The first results are shown in terms of new estimated data provided in the Appendix A. Other
results concern the parameters of the interaction between dam-foundation-reservoir-sediments with
respect to the area of rigid foundations under the dam (~ 3.0 Hg?), the contribution of each sub-system
damping ratio respect to the system damping ratio (8.5%), and the contribution of each sub-system
vibration period respect to the system vibration period (0.393 s). These values are useful to estimate
some general relations that can be used to aid design. Moreover, the maximum elastic and elasto-plastic
displacements are of the order of ~ 0.10-0.20 m that, in relation to the maximum dam height, is Hyq/1000,
in accordance with the literature [6].

Furthermore, the sustainability assessment demonstrates that the mean probability of failure of
the stability of dam body and its deformation is about 32%. In particular, that for stability is 34%,
which is higher than for the deformation at 29%. These mean percentages are quite large because
unstable actions have been taken. When the intersection point between the stable and unstable line
rises, the p¢ increases, and so the “no safety” state is more probable. However, this raises the level of
attention during the design of a monitoring method for concrete arch-dams, and in this sense, risk
management can be carried out satisfactory.
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Appendix A
Table Al. Some cases of real concrete-arch dams studied for scientific purposes.
Dam Name Location Researched Main Topics Reference
Sichuan province, . N
Ertan Dam Southwestern China Modal analysis. Seismic response [84]
Tsankov Kamak Dam Vacha River, Monitoring. Dam performance [85]

Southwestern Bulgaria

Dam-water-foundation interaction. Shock

Longyangxia Dam Qinghai province, China wave effects [86]
Modelling and reconstruction of dams.
Ridracoli Dam Emilia Romagna, Italy Unmanned aerial vehicle (UAV) [54]
photogrammetry
Lancang River Dam Yunnan, China Optimal sensor placement. Monitoring [87]
Outardes 3 Dam Quebec, Canada Dam—reservog—fqundatlor} interaction. 138]
Seismic analysis
. . Dam-water-foundation interaction.
Brezina Dam Beyadh, Algeria west Sloshing effect [35]
Shapai Dam Sichuan province, China Dam hazards. Seismic performance [67]
Morrow Point Dam Southwest Denver, Shape optlma‘I de51gn‘. Fluid-structure 58]
Colorado interaction
Xiluodu Dam Sichuan province, China Excavation optlmlzatlop design. Stability 189]
analysis
Rules Dam Granada, Southern Spain Probabilistic and deter-mmlstlclsmsmlc 48]
hazard. Dynamic analysis
Dagangshan Dam Southwest China Seismic damage. Joint opening. Artificial 126]
accelerograms
Jinping I Dam Sichuan Province, China Permeablhty of foundations. Behaviour of [90]
transient groundwater flow
Cabril Dam Castelo Branco, Portugal Seismic performance. Hydrodynamic [91]

pressures respect to the water level
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Table A2. Collected data relative to dam sub-system.

Dam
Geometry Material (Concrete) Behaviour (Solid: Elasto-Plastic)
i 3
Blocks number [83] n Denb“y[g%](kN/m ) 2 Tig (s) [48] 0.284
US slope [83] 0.18 Volume (10° m3) [83] 2051 Ta,q (s) [48] 0.245
DS slope [83] 0.6 fq (MPa) [47] 475 Ts,q (s) [48] 0.208
. MPMR for Ty 4 in X, y,
* y
Base’s max. length (m) 102 fem (MPa) [92] 58 X (%) [48] 45.1
Crown length (m) 10* o (MPa) 38.46* Mass (10° kg) 4830 *
Crown height (m) 75%* Ecm (GPa) [47] 444 Stiffness (GN/m) 2406 *
Crown long. length (m) [83] 509 Eep (GPa) 35.52* Eq. inertia (m*) 1,376,852 *
Max. height Hg (m) [83] 132 ec1 (%o) [92] 245 Damp‘“g[ig]“" &a (%) 5.0
Radius (m) [83] 500 ec (%o) 345 % Blocks’ eq. mean 0.262*
N < . period (s) )
Ange in plane (°) 71+ Ductility (= ecfet) 1408 Dlocks meanmass 13056 *
(10° kg)
Thermal expansion Blocks’ mean eq.
3 m3 * *
Volume (10° m?) 2291 (10-6 1/K) [92] 10 stiffness (MN/m) 75,089
Voids’ volume (10> m?) 239* va [47] 0.19 Blocks mean eq. 43,027 *
inertia (m*)
Long. area (10> m?) 46 * feta (MPa) [47] 2.73 Concrete crack model
Spillway’s length (m) [83] 16.54 Gq (GPa) 9.92 e1r (%o) [47] 0.166
Min. block height (m) 7.0% cg (KN/m?2) [63] 1000 ac (m) [47] 0.484
Blocks’ mean length (m) [83] 19.375 bq (°) [63] 55 We (um) [47] 240.51
Min. block volume (m3) 373* Gt (N/m) [47,93] 113.06
Max. block volume (10° m®) 125* hg (m) [47,94] 1.35
Min. block long. area (m?2) 137 * Ic (m) [47] 0.45
Max. block long. area (m?2) 2463 *
Min. block trans. area (m?) 19*
Max. block trans. area (m?) 6624 *

Note: * = Estimated value. US = Up-Stream. DS = Down-Stream. max. = Maximum. min. = Minimum. long. =
Longitudinal. trans. = Transversal. f.q4 = Design compressive strength. fo, = Mean compressive strength at 28 days.
oc = Compressive stress. Ecm = Secant modulus of elasticity. Eep = Secant elasto-plastic modulus. ¢.; = Strain at
peak stress. ¢. = Shortening strain. vq = Poisson’s ratio of the concrete. f.q = Design tensile strength. G4 = Shear
modulus. cq = Cohesion of the concrete. ¢4 = Angle of friction of the concrete. Tj4 = Structural period for i-th
mode. MPMR = Modal participating mass ratios. eq. = Equivalent. ¢} = Limit dynamic tensile strain. a. = Effective
crack length. w. = Characteristic micro-crack opening that propagate through the aggregates. G = Tension specific
fracture energy. hy = Size of the element that model 1. for the linear analysis. I. = Crack band width of the fracture.

Table A3. Collected data relative to foundation sub-system.

Foundation
Material (Rock) Behaviour (Solid: Elastic)
Density pf (kN/m®) [48] 27.47 Tyt (s) 0.09 *

cf (kKN/m?) [63] Mass (10° kg) 205,175 *

bf (°) [63] Stiffness (kN/m) 1.0 x 107 *
e [47] 0.31 Damping ratio & (%) 10*
G¢ (GPa) 6.181 * Geometry
E¢ (GPa) [47] 41.55 Radius of semicircle (m2/m) [10] 27,355

V¢ (m/s) 1500 * Area (m2/m) 74,690 *
Eo ¢ (GPa) 109.34 *
Vp,g (m/s) 6309 *

Note: * = Estimated value. ¢; = Cohesion of the foundation. ¢¢ = Angle of friction of the foundation. v¢ = Poisson’s
ratio of the foundation. G¢ = Shear modulus. E¢ = Elastic modulus of foundation. V¢ = Shear wave velocity in rock.
V)¢ = Compressive wave velocity. Eo ¢ = Oedometric modulus. Ty ¢ = Foundation’s first period.
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Table A4. Collected data relative to reservoir sub-system.

Reservoir
Geometry Material (Water)
Operating level H, » (m) [48] 113 Density pr (kN/m3) [49] 9.8
Operating level area (m?/m) [11] 38,307 Vp,r (m/s) [49] 1438
Flood level Hg, (m) 120 * E;, (GPa) 2.026 *
Flood level area (m2/m) [11] 43,200 Behaviour (Liquid: Viscous)
DS Operating level (m) 50* Ty, for Hor (m) [95] 0.314
Capacity for Ho,x (Hm?) [83] 117.07 Ty,r for Hg, (m) [95] 0.334
Area for H, r (Ha) [83] 308 Damping ratio &, (%) [48] 0.5
Water basin area (km?) [83] 1070
Spillway capacity (m®/s) [83] 2987

Note: * = Estimated value. DS = Down-Stream. V,  (or C;) = Compressive wave velocity. E, = Bulk modulus of

reservoir. Ty, = Reservoir’s first period.

Table A5. Collected data relative to sediments sub-system.

Sediments
Material Behaviour (Semi-Solid: Visco-Elastic)
Density ps (kN/m°) 13* Ty (s) [95] 0.014
s (kKN/m?) 20* Damping ratio & (%) 4.0*
bs (°) 20* Geometry
Vs 0.45* Area (m2/m) [11] 75.0
Gy (GPa) 0.81* Height Hg (m) 5.0*
Eqs (GPa) 0.27*
Vss (m/s) 25%
Vp,s (m/s) 1450 *
Eo s (GPa) 2.73*

Note: * = Estimated value. ¢s = Cohesion of the sediments. ¢s = Angle of friction of the sediments. vs = Poisson’s
ratio of the sediments. G4 = Shear modulus. E4s = Elastic modulus. Vs = Shear wave velocity in sediments.
Vp,s = Compressive wave velocity in sediments. E s = Oedometric modulus. Ty, = Sediments’ first period.

Table A6. Parameters accounting the interactions.

Sub-Systems’ Combination Parameter Value
. . . Damping ratio (%) [48] 8.5
Dam + foundation + reservoir + sediments Vibration period (s) [48] 0.393
1 *
Dam + foundation (rigid) Imp edancg ratio 0-853 2
Area (m*“/m) ~3.0Hg"*
Dam + reservoir Vibration period (s) 0.37*
Foundation + . q 5.655 x 1072 *
oundation + reservoir «[47] 0.85
) . q 5.199 x 1074 *
Reservoir + sediments « 0144 *

Note: * = Estimated value. q = Admittance coefficient. o = Wave reflection.
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Table A7. Modelling types.

Model Input Output Dimension Description Software
Flements Stresses. Deformations. Discretization of an area or
Joints Matel-‘ial Modal parameters (e.g. volume in mesh. A function is
FEM [24,96] r(; ertics frequency, modal 2D/3D performed on each mesh and [97]
P Lgads ) participating mass so the calculus is extended
ratio) over the whole structure
Loads. It Pasegl on the rigid body
. equilibrium and beam theory.
Gravity Geometry. Stresses. Pressures. oD It performs stability analyses 150]
method [29,95] Material Stabilities p oility analy
roperties for hydrostatic loads and
Prop seismic loads
Differential By using interpolation
. equations. Displacements. Y using P
Numerical . function, it is possible to solve
Boundary and Velocities. 2D/3D s . L [100]
[47,99] initial Accelerations partial differential equations
conditions under specific conditions
- Functionals. Optimum shape. Through functionals, it is
Variational Boundary and Modal parameters . X .
[90,101] initial (eigenvalues and 2D possible to find the maximum [100]
’ . 8 and minimum solutions
conditions eigenvectors)
Substituting specific
Analytical Analytical numerical values in the
[95,102] equations Stresses. Pressures 1D equations it is possible to find (103]
the solutions
It is a numerical
. . Displacements. computational method that
Differential L P .
BEM [19,53] 2 R Velocities. 2D/3D solves partial differential [64,65]
equations . . s
Accelerations equations under specific
conditions
Geodetic survey of a study site
UAV Drones. Geometry. by creating a detal!ed point
photogrammetry Sensors Photogrammetr 3D cloud. It provides [105]
[54,104] & y measurements from
photographs
Geometric Measures. Geometrical and Plottmg of drawings through
. . 2D/3D heights, lengths and [107]
[9,106] Quotes architectural design N
thicknesses
Measures. Simulations. Reproduction of a structure
Experimental Quotes. Tools. . . 3D with scaled dimensions N/A
Calibrations .
Laboratory respect to the real project
Generation of 3D
Measures. reconstructions by algorithms
Rendering b Quotes. Photos. Animations 3D that define the colour and size [108]
Imagens of each point of the input

image

Note: FEM = Finite Element Method. BEM = Boundary Element Method. UAV = Unmanned Aerial Vehicle.
N/A = Not applicable. * Coupled BEM-FEM is used to study the fluid-structure interactions [19]. Also, accurate
computation of fluid-structure nonlinear interaction is analysed by the immersed boundary method (IBM) proposed
in [41]. P The reader can refer to specific bibliographies in the area of the design and/or architecture.
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