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Abstract

It is widely recognized that use of Froude similarity for scaling up wave impact pressures recorded during
physical model tests may lead to over-estimation of impact maxima. Based on review of historical work
dating back to 30’s and further developments in the 60’s and 80’s., a general method is presented that is
suitable for scaling up impact pressures and rise times measured during small scale physical model tests.
The method accounts for the effect of air leakage and is applicable to wave impact loads on different coastal
structures. The model is applied to scale up wave impact pressures on vertical walls and consistent
correction factors for Froude scaling law are derived.

This is the author's version of a work that was accepted for publication in Coastal Engineering. Changes resulting from the publishing
process, such as peer review, editing, corrections, structural formatting, and other quality control mechanisms may not be reflected in

this document. Change may have been made to this work since it was submitted for publication. A definitive version was subsequently
published in Coastal Engineering Volume 57, Issue 6, June 2010. DOI: 10.1016/j.coastaleng.2010.01.004.
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Introduction

The problem

Wave loads on vertical breakwaters or seawalls may conveniently be divided between slowly acting loads,
having durations between approximately 0.2 and 0.5 of a wave period, generally termed “pulsating” or
“quasi-static” loads; or short duration high intensity loads termed “impulsive” or “impact” loads, often having
durations closer to 1/100 of the mean wave period (T,) or shorter, see Figure 1. Generic research under
European projects MCS and PROVERBS, see Oumeraci et al (2001) and various national projects (e.g.
VOWS in the UK, Cuomo et al. 2009) has led to much greater clarity on prediction, derivation and use of
these different load types. As there are very few records of these wave loads from field measurements,
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prediction methods are almost exclusively based on measurements of wave loads at small scale, see e.g.
McKenna (1997), Allsop et al (1996), Goda (2000), Cuomo (2005).
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Fig 1: Pulsating (top) and impulsive (bottom) wave pressures, after McKenna (1997) and Allsop et al
(1996).

It is well accepted that “pulsating” or “quasi-static” loads can be scaled by simple Froude relationships
without any need for adjustment (scale correction). In contrast, it is generally agreed that the magnitudes
and durations of “impulsive” wave loads may be strongly influenced by air effects in ways that cannot be
scaled by Froude. This leaves the user of wave load data from hydraulic model tests with significant
uncertainties, especially in the use of high intensity impulsive loads. Bearing this in mind, in the following a
method is presented that is suitable for scaling up impact pressures and rise times measured during small
scale physical model tests.

Previous advice on scale corrections

Many scientific reviews (see among others Bullock et al., 2001) have discussed these problems and have
highlighted approaches using scaling based on Cauchy, Weber and others laws, but none have generated
practical scale correction methods. Some practical advice on adjusting the scaling of impulsive wave loads
has however been developed based on field measurements (3270 impact events) by Allsop et al (1995)
compared with laboratory tests of 632 impacts by Howarth et al (1996) at 1:32 scale. Impact pressures
measured at small scale in fresh water were compared with pressures measured in the field in seawater.

Impact pressures ( Ppax) @nd rise times (t, ) were used to calculate pressure impulse, I = P, -t , which

showed close agreement over non-exceedance levels 92-99.9%, supporting the thesis that pressure impulse
could indeed be scaled by Froude, even where pressures or rise times cannot.
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Allsop et al (1996) compared impact pressures to suggest a simple relationship between field and laboratory
pressures over non-exceedance levels of 92 - 99%, implying that impact pressures measured at small scale
in fresh water should be corrected by factors between about 0.40 to 0.45 after Froude scaling. For rise times
(and durations) a similar approach was taken with correction factors summarised in Table 1.

Table 1: scaling factors for pressure impact maxima ( pmax) and rise times (tr ), after Allsop et al. (1996)

Prmax ,
95% 0.45 7
99% 0.40 4

This approach has the major advantage of simplicity in use, but suffers from significant limitations in not
including any effects of scale ratio, impact type, influence of wave conditions and/or water depth etc. This
note therefore develops a more complete approach based on historical work going back to 1939.

The Bagnold-Mitsuyasu Compression Law

Bagnold (1939) first highlighted the similitude between compression of air trapped between water waves
impinging on a vertical wall to that of a water hammer compressing air in a piston (Figure 2).

Fig 2: Problem definition sketch.
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The motion of the water mass obeys the following:

d2x(t)
pw w dt2 -

p(t) - P, 1)

In which p,, is the water density, p(t) is pressure in air, p, is the reference (atmospheric) pressure, X(t) is

the distance between the wave front (air/water interface) and the vertical wall and kW is thickness of the

water mass effectively contributing to the impact.

Assuming air to compress adiabatically within the chamber, and in the absence of air leakage, the following
expression is valid between p(t) and X(t) in Equation 1:

p(®) = Py [%} @

In which D is the thickness of the air layer in the compression chamber and y = 1.4 is the ratio of the air
specific heat at constant pressure to that at constant volume.
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Fig 3: Example calculation of (idealised) pressure time-history, without (solid line, Eq. 2) and with (dashed
line, Eq. 6) air leakage.
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Peak pressure

Equations 1 and 2 can be solved numerically to give variation of p(t) in time, given the initial conditions at

x=D (3
S (4)
dt 0

Where U, the velocity of the water hammer, which in this case correspond to the wave crest celerity.

Example pressure time-history using Equations 1 and 2 are given in Figure 3, time is normalized with respect
to the period of oscillation of the air pocket in the chamber, given by:

T, =27 [P kD (5)
o

To justify damping of pressure time-histories observed during physical model tests, Mitsuyasu (1966) and
Lundgreen (1969) extended the original work by Bagnold to account for damping due to energy losses by air
leakage at impacts. Takahashi et al. (1985) have analysed the problem of impulsive uplift pressure to the
ceiling slab of a slit-wall caisson seawall having air relieve holes and applied their approach to the problem of
scaling impulsive breaking wave pressure. Following derivation by Takahashi et al (1985) Equation 2 can be

modified as follows:
D—q(t)]
p(t) = P, -{—Xq( )} ©)

In which q(t) is the amount of air that leaks out of the chamber (Takahashi et al. 1985) or out of the air

Air leakage

pocket with velocity U, (Figure 2) which, assuming that the velocity of leaking air is proportional to relative

pressure P — Py, can be expressed as:
t
q(t)zg'ca'cv'_“ Zpa' p_po)dt (7
0

where p, is the density of air, & is the equivalent opening ratio available for air leakage and C,and C, are

respectively the contraction and the velocity factors for the air flow through the openings.
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Fig 4: Reduction of peak pressure due to air leakage at impact, as a function of the Bagnold number
(Bgn) and the opening ratio (¢).

Effect of air leakage on pressure time-history by means of damping due to air leakage is represented in
Figure 3, showing variation of pressure in time with (& > 0) and without (& = 0) leakage and

C,-C, =0.66 (Takahashi et al., 1985).

Reduction in peak pressure due to air leakage is further illustrated in Figure 4, showing the ratio of the peak
pressure with air leakage to the pressure without leakage as a function of the opening ratio & and Bagnold

number (Bgn ) defined as (Takahashi et al., 1985):

2
Bgn zpw i kw : uO (8)
Po - D

as a function of k,,, D, Uy and p,; the product C, -C, was kept constant in the calculations and equal to

0.66.

Scale effects

In absence of air leakage, the following relation exists (Takahashi et al., 1985):

217 -5/7
Bgn=5.(pm_a><j +2.(MJ ~709)
Po Po

between Bgn and the relative (to atmospheric) maximum pressure pmaX/ Po -
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From Equations 8 and 9 it follows that pmaxl Py (and thus impact pressure) depends on the Bagnold
number. Since the reference (atmospheric) pressure P, cannot be scaled in the model, measurements at

model scale need to be corrected by a factor A4 given by:

(pmax,P - po)/ pO
(Praxm — Po )/ Po

where P...w and P, arerespectively the maximum peak pressures at model (as measured) and

A =

S

(10)

prototype scale (to be predicted).
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Fig 5: Analytical solution of Equation 9 (left: linear scale, right: log scale), assuming no air leakage (¢ = 0,
bold line) and different degrees of air leakage (e > 0, thin line).

Corrections for scale effects

To scale pressure Py at model scale to pressure Pp at prototype scale, the following procedure is suggested:

1. evaluate (at both model and prototype scale) parameters U , D and kW as a function of the

geometrical characteristics of the problem (see next section);

2. evaluate Bagnold number at model ( BgnM ) and prototype ( Bgnp) scale using Equation 8;

3. solve Equation 9 for Py and Praxps

4. evaluate scaling factor A5 using Equation 10.
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Application to scaling wave impact pressures on walls

Parameters U, , D and kW that appear in the expression of the Bagnold number depend on the

geometrical characteristics of the flow at impact. For breaking waves impacting a vertical wall, the following
assumptions are suggested (see definition sketch in Figure 2) and are used in the following example
calculations:

- the characteristic wave crest velocity ug is taken as that of the solitary wave having height equal to the
significant (spectral) wave height HmO and propagating over a constant water depth d , that is (Munk,
1949):

Uy = 4/9(d + Hy) (11)

- D is taken as the characteristic linear dimension of the (assumed) circular air pocket having area A and
radius R =H, /6, thatis (Figure 2):

D= 7/12-H,, (12

- based on observations in Bagnold (1939) and Mitsuyasu (1966), k,, is taken as (Figure 2):

k,=02-(1-7/12)H,, 13

For breaking-wave impact pressures on walls with no air leakage, the scaling factor A, has been evaluated

using the procedure described above for different combinations of Bagnold numbers at model and prototype
scale. Results are given in Figure 6 in terms of Froude scaling factor (left) and corresponding correction
factors to Froude scaling (right).
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Fig 6: Scale factors (left) and correction factors to Froude (right) for the no-air leakage case (¢ = 0) as a
function of the Bagnold number at model and prototype scale.
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Figure 6 may be used as follows:

1. Evaluate the Bagnold number at model ( BgnM ) and prototype scale ( Bgnp) using Equation 8.

2. The scaling factor can be read in Figure 6 at interception of the horizontal line for Bgn = BgnM and the

Bgn_Bgnp

vertical for

Example application

Let the model scale be 1:40, design significant wave height to be H,; = 0.10m and the water depth at the
wall d = Hm0/0.8 (incipient breaking). The corresponding Bagnold number (at model scale) is (Equation 8)
BgnM =0.012. The maximum impact pressure (relative to atmospheric) expected to occur during tests is:

(pmax,M - po)/ po =0.14.

At prototype scale, we have Hmo =4.0mand d = 5.0m, using Equations 11-13 leads to:
B Uy =94m/s

m D=105m
= Kk,=06m

The corresponding Bagnold number (at prototype scale) is Bgnp =0.49.
Entering (Equation 8) with BgNp leads to (P p — Po)/ Po = 1.4.

Based on values of prototype and model relative pressures above, the scale factor A, is equal to 10 and

thus the prototype relative pressure is only 10 times larger than in the model, that is, no more than 0.25
times that predicted using Froude scaling law.

This is confirmed in Figures 5 and 6, with dashed lines corresponding to incident wave conditions at model
and prototype scales as summarized in Table 2.

Effect of air leakage

Note that BgnM evaluated according to Equation 8 might be different from that predicted by entering
Equation 8 with the maximum peak pressure recorded at model scale. This might be due to a series of
causes including air leakage at impact and air entrainment in water. In what that follow we will assume that
these damping effects are well represented by mean of an “equivalent” energy loss due to air leakage.
Bearing this in mind, we can now get a better estimate of the scale correction factor, estimating the opening
ratio € which in our simplified model produces the same amount of energy losses observed in the model. To
do this we next enter the plot in Figure 5 and identify the curve passing through point of interception between

(pmax,M - po)/ pO

and BgnM . Let the maximum impact pressure actually recorded during tests to be
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(Pmaxm — Po)/ Pg =0.06, for Bgn=Bgn,, =0.012, the equivalent opening ratio is & = 0.018 (Figure 5).

We can now adjust the scaling factor to account for air leakage, following the procedure described above,
but moving along the corresponding (dash-dotted) curve in Figure 5.

The corrected value of (P p — Po)/ Po is 0.85, and thus A, = 14 (Figure 7, left), that is 0.35 times that
obtained using Froude scaling (Figure 7, right).

Table 2: Summary of parameters used in the example calculation, at model and prototype scale.

Hmo m 0.10 4
T s 15 9.5
d m 0125 5.
Uo m/s 1.5 9.4
m 0.015 0.6
k
w
D m 003 105
Bgn - 1.2 0.49
107
- 0.14 1.4
(pmax,M - pO)/ pO
0.03FF T T T 0.03 7
[k s - ] &
0.025 i 3 / P T 0.025
0.02 / 0.02
& =
S 0.015 S 0.015
@ // / [/ @ / /
0.01 / 0.01
f [ S / !
0.005 /£ £ / 0.005 £ = £
A ) N - | LA LD:
il BBl @bl Bl ]l s
10° 10” 10" 10° 10° 107 10" 10°
Bgn, Bgn,

Fig 7. Scale factors (left) and correction factors to Froude (right) for ¢ = 0.018 as a function of the Bagnold
number at model and prototype scale.
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Further considerations

Using the procedure described above, the scaling factor A, can be evaluated for breaking-wave impact

pressures on walls for any value of the opening ration € . Effect of air on scaling can be accounted for as
follows:

1. Evaluate the opening ratio ¢ that best matches observation during testing, by identifying the curve in
Figure 5 that crosses points of interception between maximum pressure recorded in the model and

Bgny, .
2. Use the above procedure to derive ad-hoc normogram corresponding to € in point 1 above. Example
normogram corresponding to € = 0.018 is shown in Figure 7.

3. The scaling factor can be read in Figure 7 (or equivalent, for the more appropriate value of €) at
interception of the horizontal line for Bgn = Bgny, and the vertical line for Bgn =Bgn, .

Scaling impact rise times

Once the scaling factor for P, p has been calculated, the corresponding rise times t, p can be

immediately derived based on the conservation of pressure impulse, leading to:

s (14)

where Ag is the Froude scale.

Conclusions and recommendations

Based on review of historical work dating back to 30’s and mainly on work by Takahashi et al. (1985), a
method has been presented that is suitable for scaling up impact pressures measured during small scale
physical model tests. The method accounts for the effect of air leakage and is applicable to wave impact
loads on different coastal structures.

Example application of the proposed methodology to the case of wave impacts on seawalls or caisson
breakwaters have been illustrated and normograms derived for scale factors for use in scaling impact
pressures from model to prototype.

This study confirms that use of Froude scaling law might lead to significant overestimation of impact
pressures at prototype scale. Correction factors for Froude scaling law have also been derived.

When (little) air leakage occur at impact, the relative importance of scale effects might reduce. In such cases,
not accounting for air leakage might lead to underestimation of effective scale factor.

As a rule of thumb, when little or no information is available on the level of aeration at impact, users are
advised that safer estimates of scaling and correction factors can be obtained using:
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® the lowest value of Bgn,, (among those observed in the model);

® the largest value of Bgn, (among those expected at prototype scale);

B the largest value of & observed during testing.

Further work

The proposed methodology consistently accounts for the effects of scale ratio, impact dynamics, air
compression and leakage and is in agreement with results from previous researchers. Nevertheless, it
should be kept in mind that the understanding of the effective role of air compression, entrapment,
entrainment and leakage on the dynamics of wave impacts on coastal structures still hands to our
community some of its most fascinating question marks. Further and ongoing research work include
comparison of data from small scale physical model tests with full scale and field measurements, but also
numerical simulations of compressible fluids flows at different scales and development of analytical solutions
to account for the effect of compressibility of air and water mixture at impact.
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Notation

d water depth [m]
kW thickness of the water mass effectively contributing to the impact. [m]
p(t) pressure [Pa]
Po reference (atmospheric) pressure [Pa]
Prmax peak pressure [Pa]
q(t) amount of air that leaves the chamber trough openings [m®/s]
U velocity of the water hammer [m/s]
X(t) position of the air/water interface [m]
Bgn Bagnold number [-]
Bgny, Bagnold number at model scale -]
Bgnp Bagnold number at prototype scale [-]
C, contraction factor [-]
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