Kp AND SAFETY FACTORS OF CONCRETE ARMOR UNITS

Josep R. Medinaand M. Esther Gémez-Martin

Recommended designokare associated to implicit global safety factardnitiation of Damage (IDa) and Initiation
of Destruction (IDe). Zero-damage criterion is ®lafor double-layer armors of massive CAUs, but leifgyer
armors require a lower-than-zero damage criterforsimple methodology is proposed to calculate deslg for
Cubipod armors and to obtain reasonable explioiva@l safety factors to IDe and IDa when comparegetechmark
CAUs. The stringent SF(IDe5%) is the lowest for loledayer trunk armors, higher for double-layer ndbead
armors and the highest for single-layer trunk asn8ingle-layer roundhead armors were not analyzed.
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INTRODUCTION

Since the Tetrapod was invented in 1950, many ed@armor units (CAUs) have been designed
to optimize the armor layer of large breakwatershamcing safety and reducing construction and
maintenance costs during lifetime. The hydraulabgity and performance of the armor layer depend
on the specific weight and CAU geometry (cube, dtd, etc.), the placement arrangement (random,
patterned, etc.), the number of layers (singleaubde) and position (trunk or roundhead). The highe
the hydraulic stability, the lower the consumptmfconcrete, the smaller the filter stones andlelse
powerful the placement equipment. However, stradtimtegrity must be guaranteed, and slender
CAUSs with high hydraulic stability may break if tisize is too large.

Probabilistic approaches have been proposed byAOIRIR (1991) and PIANC (1992) to design
large mound breakwaters; using existing design dten partial coefficients (Level I) were obtained
through probabilistic Level Il calculations. Furthmere, ROM 0.0-01 recommended the probabilistic
Level Il design for large breakwaters. Given tliéfia@llt traceability of these methods, to compé#ne
hydraulic stability of different CAUs, most praaihers continue using the stability coefficientpjK
and Hudson’s formula (see Equation 1).
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Kp was proposed by Hudson (1959), and popularizegRiy (1975 and 1984), to characterize the
hydraulic performance of different armor units @dcon conventional double-layer armors. Even
today, it is still widely used to characterize aiety of CAUs placed on single-layer armors despite
their completely different hydraulic performancéeTzero-damage design criterion originally used by
both Hudson (1959) and Iribarren (1965) co-existiay with lower-than-zero damage criteria used for
single-layer armors.

This paper focuses on the explicit and implicituasgtions associated with thepKeported in
literature for different CAUSs. If ignored, thesesamptions and implicit global safety factors caadi¢o
misunderstandings and errors when designing theralaers of mound breakwaters. Any desigh K
for a given CAU, placement arrangement, numberagéis and position (trunk and head) is always
explicitly or implicitly associated to certain sgfefactors which should be reported explicitly. Fhi
paper describes a simple methodology to estimatgltbal safety factors associated to a design K

SINGLE- AND DOUBLE-LAYER ARMORS

The popularization of the use of Hudson’s formutad &, to design armor layers of mound
breakwaters favored the invention of new CAUs wiigh Kp. However, the numerous Dolosse
breakages in large breakwaters such as Sines (Pg8)18th W[t]=42 and San Ciprian (ES-1980) with
WI[t]=50, focused the engineering community’s afitamtnot only on hydraulic stability but structural
strength as well. Large unreinforced CAUs requiaeslitable geometry to balance hydraulic stability
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and structural strength. According to Dupray andh&ts (2009), bulky CAUs are the results of

attempts to balance hydraulic stability and striadtatrength, and examples of these include Acatepo
(1980) and the second generation CAUs as showigirlF

%

Accropode (1980} Core-loc {1994}  Accropode 11{1999)  Xbloc{2003) Cubipod (2005)
Figure 1. Evolution of bulky and second generation CAUs over time.

The first bulky CAU was developed along with thencept of single-layer armor to reduce the
concrete consumption and construction costs of e@aional double-layer armors. Improved
manufacture, handling and placement techniques teattbr monitoring systems have allowed the
construction of hundreds of single-layer armorshwitulky CAUs worldwide. Better construction
techniques and environmental concerns have alsmgige to the use of single-layer armors instdad o
intense cement-consuming double-layer armors. Hewedhe stability coefficient K for single- and
double-layer armors is being used by practitiongithout any clear distinction between technical
fundamentals and explicit safety factors to Initiatof Damage (IDa) and Initiation of Destruction
(IDe). The design K for conventional double-layer armors may be asdedito IDa (zero-damage),
but Ky for single-layer armors are much lower.

Massive CAUs (cubes, parallelepiped blocks, Antifeibes, Cubipods, etc.) in conventional
double-layer armors show a tenacious failure famcta design K corresponding to IDa provides a
wide margin of safety to failure. On the contrasingle-layer armors have brittle failure functioas;
design Kk corresponding to IDa would provide a very narroergin of safety to failure. Therefore, to
maintain a reasonable margin of safety to failtine, criterion to define the appropriate designfir
both single- and double-layer armors must be rélatdDe rather than IDa.

Additionally, Burcharth and Brejnegaard-Nielsen &&¥ pointed out that the stress level in CAUs
increases linearly with CAU size for static and fogy/namic loads and is proportional to the squared
root of the CAU size for impact loads. Thereforéd U3 never break in small-scale tests; however, if a
certain CAU size is exceeded, slender and bulkginforced CAUs can break at prototype scale. The
maximum CAU size depends on the number of rowshenatmor, concrete tensile strength and CAU
geometry. For non-massive CAUs (see Medina ef@l}l), small-scale armor failure functions should
be taken with caution given the potential breakafg@AUs at prototype scale.

Vincent et al. (1989) analyzed the prototype andlkstale performance of single- and double-
layer armors and found that in double-layer arnbaitt with slender and bulky CAUs, the upper layer
is less stable and more difficult to construct tttae bottom layer. These authors reported thatbiest
units from the upper layer of double-layer armomld become missiles, increasing the risk of
breakage and other damage. They concluded thdéedmmgr armors were safer and more cost-efficient
than double-layer armors. Although this vision psead worldwide during the last decades, mound
breakwaters in severe wave climates are beyonrhtige applied to bulky CAUs in single-layer armors
(e.g. 20 mM Accropode™ |l CAUs were used in Busan Geoje Turieelresist fm]=8.7 and
Tols]=16.2).

On the coast of Japan, slender reinforced CAUs baem used to resist rough seas; for instance,
Hanzawa et al. (2006) reported the use of highitjefudly reinforced Dolosse up to 80 tonnes toises
H{m]=12.1 and T;4[s]=14.5. On the coast of Spain, conventional dedayer armors of massive
CAUs are common in deep waters and rough seasnd$tance, 150-tonne unreinforced cube blocks
were placed in the Punta Langosteira breakwat&ZqAifia) to resist a design storm qfri|=15.0 and
T,[s]=18.0 (see Macifieira-Alonso et al., 2009). Moeeently, the Cubipod (see Fig. 1), a massive
CAU, designed for use in double- or single-layanans, has provided higher hydraulic stability than
conventional double-layer cube armors (see Medira.£2010b). At present, then, there are several
bulky and one massive CAU which can be used totoastssingle-layer armors in any environmental
condition, including those placed in deep watedenvery strong wave storms.



COASTAL ENGINEERING 2012 3

GLOBAL SAFETY FACTORS TO IDe

Hudson’s formula (Eq. 1) was first published in @9&s a simplification of the hydraulic
performance of conventional armor layers, basethemesults of small-scale tests using regular wave
Only the stability coefficient (K), the wave height (H), the relative submerged i§ipeaveight
(A=[(y/yw)-1]) and the slope angle (caf) were related to the nominal diameter of the CAU
(D.=[W/y,]"®). The uncertainties generated by the neglectei@hlas (wave periods, storm duration,
tolerances, model effects, etc.) had to be consitier the methodology to determine the recommended
design k. Hudson's formula was generalized later using efaivalence H=Elfor random waves,
which can be re-written using dimensionless stighilumbers:

N, = s
AD

S

andN, = HDSd = (K, cota)’s )

n n

Most reports refer to Eq. 2 as the generalized Bladgrmula when analyzing CAUs in small-scale
hydraulic stability tests. However, it is necessarglarify the methodology to determing, Kor each
specific CAU, placement pattern and armor thicknésegle- or double-layer). Without a clear
methodology to determinegkfrom small-scale tests, any comparison among reiffiek, reported by
different authors may lead to misunderstandingsattical applications.

Hudson (1959) as well as Iribarren (1965) propcmedirmor design method based on the zero-
damage criterion to IDa, but implicitly assumed kobgl safety factor to IDe, SF (ID€).6.
Conventional double-layer armors of quarrystonesic blocks and Tetrapods, tested extensively in
the 1950s and 1960s, required nearly a 60% incrieats® stability number to IDa, iDa), to reach
IDe. In short, Hudson (1959) and Iribarren (196&)npoted an armor design with the following global
safety factors: SF(IDa)=lDa)/Ns&1.0 or zero-damage criterion and an implicit
SF(IDe)=N(IDe)/Nss1.6 for IDe. Nevertheless, modern CAUs in singleta armors have a
SF(IDa)=N(IDa)/Nss>>1.0. The design of modern single-layer armorsmedhat the traditional zero-
damage criterion must be changed to a more regtrilgtss-than-zero damage criterion.

Small-scale hydraulic stability tests usually fretnumber of waves per run (i.e. N=1000) and the
spectral density attacking the model. Significaav@/height (i is increased in the test, and damage is
measured from IDa (significant CAU movement) to i@€ailure. In each specific series of tests ieon
small-scale model, [{iDa)]; and [H(IDe)]; are recorded. After a number of series of testéiffarent
conditions using the same CAU and armor slope, Samnisprobability density functions (pdfs) of
Ns(IDa) and N(IDe) can be estimated as illustrated in Fig. 2u§ hexplicit global safety factors
{SF(IDe5%), SF(IDe50%), SF(IDa5%) and SF(IDa50%ghde calculated for each CAU as the 5%
and 50% percentiles of the corresponding pdfsgusiop 3 and Eq. 4.

N, (IDeN%)

SF(IDeN%) = (3)
sd
SF(IDaNg) = Ns(IDaN%) (@)
sd
f(Ns) N.s([DaSO%)
.::: N4(IDe50%)
Neg .l\.l.s:(IDaS%) N,(IDe5%) Ns

Figure 2. Nsg and scheme of Ng(IDa) and Ns(IDe) probability density functions.
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Double-layer armors of massive CAUs (cubes, Antifebes, Cubipods, etc.) with high structural
strength have NIDa)<<N4(IDe); therefore, it is reasonable to design theniDa as proposed by
Hudson (1959) and Iribarren (1965) half a centugp,aNi=Ng(IDa)<<N4IDe). On the contrary,
modern single-layer armors (Accropode, Core-Loc|o¥b Cubipod, etc.) show {De) not much
higher than IIDa); therefore, single-layer armors must be desigfar below IDa so as to obtain a
reasonable global safety factor to IDes;qdN(IDa)<Ng(IDe). Prototype failure of slender CAUs
(Dolos, Tetrapod, etc.) is conditioned by strudtstaength, which can differ significantly from the
failure observed in small-scale models; consequettie design of armors with slender CAUs must pay
attention not only to hydraulic performance bubats structural strength.

When using the generalized Hudson formula (Eqo2)esign a given armor, global safety factors
to IDe must be taken into consideration. Theresakeral sources of risk and uncertainty: (1) stmadt
and environmental uncertainties, (2) scale effd8smodel effects and (4) unknown factors. Thesnas
density of concrete and the significant wave heajtacking the structure are the two primary saairce
of uncertainty directly affecting Hudson'’s formutag concrete mass density may be controlled during
the manufacturing process, bug id an environmental variable beyond human contdsing Froude
similarity, the scale effects for hydraulic statyilof armors are assumed to be negligible if tredests
appropriate, that is having a Reynolds’ number Reiy=Dn(gHs)"%v>3.5.1d; however, scale
effects may be significant for core permeabilityedopping rates and other structural charactesisti
(see Burcharth and Lykke-Andersen, 2007). Modalatéf are always relevant because of the numerous
environmental and structural variables fixed in biszale testing (wave peak period, spectral shape,
number of waves, wave direction, armor porosity,UClacement, etc.), none of which are explicitly
included in Hudson’s formula. Finally, the unknowariables related to the prototype site conditions
and breakwater performance are additional sourEemaertainty. As a result, the global uncertainty
associated with the generalized Hudson formula Ztaaust be assessed so that the appropriate global
safety factors can be guaranteed.

Some of the uncertainties mentioned above cantimated quantitatively; however, other sources
of uncertainty have to be assessed subjectivelg.difficulty in assessing global uncertainty andny
global safety factors can be observed when anajytire drastic changes of criteria in popular
engineering manuals. For instance, both SPM (1% SPM (1984) proposed using Hudson’s
formula along with a very similar table of desigg alues for a variety of CAUs. Nevertheless, SPM
(1975) and SPM (1984) recommended the use of thevagnce H=H;; and H=H;1.27Hy;,
respectively; in just 9 years, the most popularstaleengineering manual in the world increased the
implicit global safety factor by 27%. Three decathsr, it is again common to use the equivalence
H=Hys new knowledge and more precise construction igces seem to have increased the
confidence of the engineering community and redubedglobal uncertainty when using Hudson’s
formula. Engineering judgment seems to have play&dy role in the drastic increase in the implicit
global safety factors of the late 1970s, probabigireg from the catastrophic failure of the 42-tenn
Dolos breakwater in Sines (Portugal), and redudheg implicit global safety factors decades later,
when relatively few breakwaters failed.

Single-layer armors with brittle failure functiomaust have higher global safety factors than
double-layer armors with tenacious failure funcsioimhe safety factors to IDe are much higher but,
since the 1980s, new knowledge and more precisstremtion techniques have also reduced the
assessed global uncertainty when using Hudsomsuiar. For instance, Vincent et al. (1989) suggested
a design kg=10 for single-layer Accropode® armors, while CRD(2) recommendedj<15 for their
design significantly reducing the implicit globadfety factors. Once again, engineering judgment is
reducing safety factors while increasing confideimcenodern design and construction techniques.

METHODOLOGY TO CALCULATE DESIGN Kp

In order to define appropriate desigs For Cubipod armors (single- and double-layer tramkl
roundhead), global safety factors to IDa and IDeewestimated first for double-layer cube armors
(trunk and roundhead) and single-layer Xbloc andrépode armors (trunk). Table 1 specifies the
design k5 recommended by Negro and Varela (2008) for culbeshy the owners of the patents and
trademarks of Xbloc® and Accropode®, respectivelw.xbloc.comand www.concretelayer.com

For each armor type, small-scale hydraulic stabtist results were then used to estimate the
corresponding Gaussian pdfs of(l®a) and N(IDe), characterized by the mean value and standard
deviation. Cube armor results were obtained fronm dar Meer (1988) and Medina et al. (2010b);
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Xbloc® armor results were those reported by Baldteal. (2005) and Accropode® data were obtained
from Van der Meer (1988) and Holtzhausen and Zwaml§p991). Stability number observations of
tests carried out in different laboratories weresidered belonging to the same Gaussian pdf if
differences between mean values and standard m&atere not significant; however, when results
from different laboratories were significantly d@ifent, two pdfs were considered for Ns(IDa) and
Ns(IDe) for each laboratory.

Safety factors were calculated first for cube dedbler trunk and roundhead armors as the
benchmark cases for double-layer armors. Desidnlisgacoefficients for Cubipod double-layer trunk
and roundhead armors were fixedp[Kunk]=28 and kg[roundhead]=7) to maintain similar safety
factors to IDe, SF(IDe5%)=1.091.05 for trunk and SF(IDe5%)=1.£91.17 for roundhead.

Analogously, safety factors were calculated for o¢bland Accropode, the single-layer trunk
benchmark cases for single-layer armors. The destaility coefficient for Cubipod single-layer ki
was fixed (Kp[trunk]=12) to maintain similar safety factors t®d, SF(IDe5%)=1.3% 1.17 and
1.05<1.31<1.40.

Table 1 shows the Kand the global safety factors for Cubipod (singled double-layer armors)
obtained from the results of the small-scale moetsts described by Gbmez-Martin and Medina (2007,
2008), Loménaco et al. (2009) and Burcharth ef24110). Cubipod safety factors are similar to those
obtained for cube (double-layer armors) and Accdgp@nd Xbloc (single-layer armors). Fig. 2
illustrates that safety factors to IDa and IDe, {iIBRR5%), SF(IDa50%), SF(IDe5%) and SF(IDe50%)},
are dependent on design stability numbey, Mlated to the designgK(see Eq. 2). Given a specific
armor type (CAU, #layers, etc.), a decrease indixgign kK means an increase in the global safety
factors. SPM (1984) changed the wave height recordat®on H=H for random waves given by SPM
(1975), to H=H,;~1.27H which was equivalent to a 50% reduction in des{gnmaintaining H=H.

The severe damage to several large breakwatersroctes between 1975 and 1984 may again explain
the drastic increase in implicit safety factors omamended by SPM (1984). The relatively few
breakwaters damaged since there may be the redgonumerous designers and practitioners are using
the generalized Hudson formula (Eq. 2), closelgteal to the designg<recommended by SPM (1975).

Table 1. Design Kp and global safety factors.

Initiation of Destruction Initiation of Damage
(IDe) (IDa)
Section CAU Ko | #1layers |slope | SF (IDe5%) SF SF (IDa5%) SF
b (IDe50%) (IDa50%)
Cube 6 2 32 1.05 1.35 0.67 0.86
Cubipod 2 | 28 2 32 1.09 1.40 0.82 0.99
Trunk Cubipod 1 | 12 1 32 1.31 1.64 1.06 1.27
Accropode | 15 1 4/3 | 1.05t01.40 | 1.26t0 1.51 | 0.93t0 1.24 |1.15t0 1.38
Xbloc 16 1 4/3 1.17 1.68 1.17 1.32
Cube 5 2 32 1.17 1.40 0.88 1.13
Roundhead
Cubipod 2 | 7 2 32 1.19 1.36 0.99 1.18
o (1)
f(Ns) design K, N.S.(IDaSO )
P N.(IDe50%)
Nqq N(IDa5%) N,(IDe5%) Ns

Figure 3. Schematic representation of design stability number (Nsq) and Safety Factors to IDa and IDe.
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ANALYSIS OF RESULTS

Practitioners frequently believe that recommendesigh kg values refer to the start of damage,
zero-damage or initiation of damage. Neverthel€able 1 shows that &6, commonly used to design
double-layer cube armor trunks (see Negro and ¥a2€l08), corresponds to armor damage larger than
IDa, SF(IDa50%)=0.86<1, while recommendeg Walues for single-layer armors are related to armo
damage much lower than IDa. Fig. 4 illustratesltiveer-than-zero damage criterion to IDa for single-
layer armors compared to the zero-damage critéoidDa for double-layer armors.

SF(IDa50%)= 1.32[single-layer Xbloc in trunk]>>1:86 [double-layer cube in trunk]
SF(IDa50%)= 1.27[single-layer Cubipod in trunk]>=>0.99 [double-layer Cubipod in trunk]

f(Ns)

N,(IDa50%)
(@) ot double-layer armor
f'es"g:"_ Ko N, (IDe50%)

zero-damage design criterion

. .

Ns(IDaS%)‘.NSd N, (IDe5%) ) N
S
H(Ns) N¢(IDa50%) '
(b) i single-layer armor
design Ky e
. = : N, (IDe50%)

lower-than-zero-damage design criterion

N.q Ns(IDa5%) N(IDe5%) Ng

Figure 4. Schematic representation of damage criteria for (a) double-layer and (b) single-layer armors.

The recommended Kvalue for double-layer cube armors in roundhe&ds=5) is associated to
the higher safety factors of cube armors in trumikg. 5 illustrates the higher global safety fastof
double-layer armors in roundheads compared to sunk

SF(IDa50%)= 1.13[double-layer cube in roundhead]8186 [double-layer cube in trunk]
SF(IDa50%)= 1.18[double-layer Cubipod in roundheds]0.99 [double-layer Cubipod in trunk]

f(N,) N,(IDa50%)
R double-layer armor
roundhead |. N,(IDe50%)
I trunk
AT
N(IDa5%) N_ N,(IDe5%) N

Figure 5. Schematic representation of design stability number (Nsq) for roundheads compared to trunks.
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In contrast to the considerable differences betwsafiety factors to IDa for different armors,
recommended K values for different CAUs and number of layers associated to similar safety
factors to IDe. Thus, double-layer armors in trurdesd roundheads have global safety factors
corresponding to 50% and 5% percentile values:

SF(IDe50%)= 1.40[double-layer cube in roundhedd}5 [double-layer cube in trunk]>>1
SF(IDe50%)= 1.36[double-layer Cubipod in roundhe&d}i0 [double-layer Cubipod in trunk]>>1
SF(IDe5%)= 1.17[double-layer cube in roundhead]5Idbuble-layer cube in trunk]>1
SF(IDe5%)= 1.19[double-layer Cubipod in roundheatip9 [double-layer Cubipod in trunk]>1

The higher global safety factors, SF(IDa50%) andI[3#5%), associated to the recommended
design K for roundheads, may be related to model effectsspedial restrictions for the construction
of breakwater roundheads in laboratories and abtye scale. Analogously, recommendegvglues
for single-layer armors (trunk) are associateditfhdr safety factors to IDe. The higher global safe
factors SF(IDe50%) and SF(IDe5%) associated tagbhemmended designpKor single-layer armors
(trunk), compared to double-layer armors, may #lsaelated to model effects and special placement
prescriptions associated to the construction afledayer armors in laboratories at prototype scale

SF(IDe50%)= 1.68[single-layer Xbloc in trunk]>1.R®ouble-layer cube in trunk]>>1
SF(IDe50%)= 1.64[single-layer Cubipod in trunk]>Q [dlouble-layer Cubipod in trunk]>>1
SF(IDe5%)= 1.17[single-layer Xbloc in trunk]>1.0double-layer cube in trunk]>1
SF(IDe5%)= 1.31[single-layer Cubipod in trunk]>1[@@uble-layer Cubipod in trunk]>1

It must be stressed that physical models are byittand under ideal conditions, without water, and
with perfect viewing (see Medina et al., 2010a)cdmtrast, real mound breakwaters are usually built
long stretches under poor conditions (blind undégwplacement with waves and crawler cranes). The
greater the expected model effect or differencevben the prototype and the scaled model, the higher
the global safety factor must be; thus, singledlagenors require higher safety factors to IDe than
double-layer armors, and roundheads need highetydaictors than trunks. Thus, SF(IDe5%) seems to
be the most relevant global safety factor when auing different CAUs. After analyzing Table 1, it
seems obvious that safety factors to IDa were eletvant to fix the recommended desiggp; Idesign
Kp values for different CAUs and different numberdayfers are associated to safety factors to IDe. In
Table 1, SF(IDe5%) is the most stringent safetyoiadbeing SF(IDe5%)= 1.05 for the benchmark
double-layer cube armor in trunks and SF(IDe5%) Xor the benchmark roundheads (double-layer
cube armor) and single-layer armor (Xbloc in trunk)

The design KK depends on the required global safety factorsadiner site-specific characteristics
of a given project, such as breaking or non-breakonditions, overtopping rates, trunk or roundhead
etc. The design Kvalues given in Table 1 for the Cubipod are reldtethe prescribed safety factors
to IDa and IDe of the benchmark armor in each aate(single- or double-layer, trunk or roundhead)
in standard non-breaking and non-overtopping cant

Considering the results given in Table 1, singletaCubipod armors significantly reduce the
economic cost as well as the energy and matenatpfints corresponding to the double-layer Cubipod
armor. Nonetheless, it is necessary to consideétpaalues are calculated from results of small-scale
2D tests with ideal construction and complete adntconditions which are far better than those
typically found in real breakwater constructionshefefore, double-layer Cubipod armors may be
recommended for the trunk when the breakwater Bjested to considerable uncertainties in the
construction process and design conditions; e.gr ponstruction control, uncertain wave climate or
geotechnical problems. On the contrary, Cubipodlsiayer armors are recommended for the trunk
when the breakwater is subjected to few uncertsntelated to the construction process and the site
specific design requirements.

SUMMARY AND CONCLUSIONS

The stability coefficient (K) concept for single- and double-layer armors igently used by
designers and practitioners to compare the hydrataibility of different CAUs. Implicit global safe
factors to IDa and IDe are used without expliciigtinguishing technical fundamentals of different
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armor types. This paper analyzed the implicit ardlieit global safety factors associated with the
recommended designoK of the generalized Hudson formula.

Design Ky is a parameter in Hudson's formula, originally aasated with IDa and having an
implicit safety factor SF(IDe)L.6. In the case of massive CAUs in double-layencas (cube,
Cubipod, Antifer, etc.) with flexible response, thesign k values used in practice correspond
approximately to an armor damage close to IDa. Hewen the case of single-layer armors, the design
Kp values used in practice are far below IDa, smasdintain an adequate safety margin to IDe. Table
1 shows the K values and the explicit safety factors for IDa3%a50%, IDe5% and 1De50%; The
data in Table 1 refer to conventional cube, Cubjplctropode and Xbloc for specific slopes and the
indicated number of layers in non-breaking and aeertopping conditions.

Safety factors to IDa were not relevant to fix thessign kg of different CAUs; design Kvalues for
different CAUs and number of layers are associatedafety factors to IDe. SF(IDe5%) is the most
demanding safety factor, being SF(IDe5%)= 1.05khenchmark double-layer cube armors in trunks,
and SF(IDe5%)= 1.17 for the roundheads (doublerlaybe armor) and single-layer armors (Xbloc in
trunk). The greater the expected model effect fierdince between the prototype and the scaled model
the higher the global safety factor to apply; thaisgle-layer armors require higher safety factore
than double-layer armors, and roundheads, higtietysfactors than trunks.

The Ky used for massive CAUs such as cubes and Cubipodiuble-layer trunk armors, are
related to global safety factors 1.05<SF[IDe5%]€1&nd 1.35<SF[IDe50%]<1.40.Kused for
Accropode, Xbloc and Cubipod CAUs in single-layemk armors are associated with global safety
factors 1.17<SF[IDe5%]<1.31 and 1.4<SF[IDe50%]<Einally, Ky used for cubes and Cubipods in
double-layer roundhead armors are associated wdtfletys factors 1.17<SF[IDe5%]<1.19 and
1.36<SF[IDe50%]<1.40. Safety factors are the lovi@smassive CAUs in double-layer trunk armors;
they were higher for double-layer roundhead arnaovd the highest for CAUs in single-layer trunk
armors. Single-layer roundhead armors were notyaedlin this paper.
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