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ABSTRCT

The Smoothed Particle Hydrodynamics (SPH) method is emerging as a potential tool
for studying water wave related problems, especially for violent free surface flow and
large deformation problems. The incompressible SPH (ISPH) computations have been
found not to be able to maintain the stability in certain situations and there exist some
spurious oscillations in the pressure time history, which is similar to the weakly
compressible SPH (WCSPH). One main cause of this problem is related to the
non-uniform and clustered distribution of the moving patrticles. In order to improve
the model performanc#je paper proposed an efficient hybrid numerical technique
aiming to correct the ill particle distributions. The correction approach is realized
through the combination of particle shifting and pressure gradient improvement. The
advantages of the proposed hybrid technique in improving ISPH calculations are
demonstrated through several applications that include solitary wave impact on a
slope or overtopping a seawall, and regular wave slamming on the subface of
open-piled structure.
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1. Introduction

The Smoothed Particle Hydrodynamics (SPH) technique is a Lagrangian mesh-free
numerical method, which was originally introduced by Lucy (1977), and Gingold and
Monaghan (1977) to solve the astrophysical problems. In recent years, the SPH
method has been successfully used in free surface flow simulations. In an SPH
computation, the particles are discretized by the moving nodes and they carry field
variables such as the pressure, density and velocity. The smoothing kernels are used to
approximate a continuous flow field.

The incompressibility of fluid can be imposed in two different ways in an SPH
numerical scheme. Originally, the simulation of incompressible fluid flows was
through a weakly compressible SPH formulation (WCSPH), in which the water was
considered as slightly compressible and its pressure was related to the density through
an equation of state. Thus an artificially specified sound speed has to be introduced
(Monaghan, 1994). The WCSPH approach has quite a few advantages, such as that it
is easy to program and does not need to solve the pressure boundary value problem.
However, at least two weaknesses emerged during its application to the water wave
problems (Lee et al., 2008; Rafiee et al., 2012): (a) the use of very small time steps;
and (b) significant spurious pressure fluctuations in the spatial and temporal domains.

To overcome the limitation of WCSPH, a strictly incompressible SPH (ISPH)
approach has been proposed by Shao and Lo (2003) based on the SPH projection
method initiated by Cummins and Rudman (1999) to simulate the free surface flows.
In ISPH approach the water is considered as truly incompressible with a constant
density. The method projects the intermediate velocity field to a divergence-free space
by solving a Poisson equation of pressure (PPE). It employs a strictly incompressible
SPH formulation, and thus the CFL condition is based on the fluid velocity rather than
the speed of the sound. Therefore, the pressure is not an explicit thermodynamic
variable obtained through an equation of the state such like in WCSPH, but obtained
through a hydrodynamic equation. For the ISPH modeling techniques, there are
mainly two types of the formulation, i.e. the density-invariant ISPH (Shao and Lo,
2003) and velocity divergence-free ISPH (Lee et al., 2008). The ISPH has also been
widely applied in the field of water wave dynamics (Khayyer et al., 2008; Lind et al.,
2012). According to the comparative studies carried out by Lee et al. (2008) and
Violeau and Leroy (2015), the time step used for the ISPH can be five times larger. In
addition, the computational results from ISPH could be much more stable and

accurate than those from the WCSPH without extra smoothing techniques (Zheng et
2
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al., 2014). However, Shadloo et al. (2011; 2012) and Hughes and Graham (2010)
noted that the inclusion of certain numerical treatments could significantly enhance
the performance of WCSPH. On the other hand, we should also realize that the
turbulent flows involve more complex particle convections and free surface
deformations, which has more stringent requirement on the pressure solution schemes.
In addition, as indicated by Gotoh and Khayyer (2016), one distinct advantage of
ISPH corresponds to its superior volume conservation properties. It should be realized
that the SPH approaches have been recently expanded to solve the shallow-water
equations (SWEs) whethe flow is over large domain and the vertical variation of
parameters of interest is not demanding (Chang et al., 2016; Chang et al. 2017).

The wave impact loadings on structure constitute an important practical problem
with highly distorted free-surface motion. For the SPH application in this field,
considerable progre$ss been made in the investigation of wave-structure
interactiors, such as documented by Khayyer and Gotoh (2011), Rudman and Cleary
(2016) and Ren et al. (2016). According to the extensive computations in engineering
practice, it has been found that the homogeneity of particle distributions plays an
important role in the accuracy and robustness of the SPH models. The formation of ill
particle distributions could significantly degrade the SPH numerical accuracy and lead
to the failure of correcdutions.

There have been some remedies whnele proposed to address this issue. For
example, Monaghan (2000) introduced an additional set of stress node at the points
other than the SPH patrticle locations to address the tensile instability, wdgch
mainly proposed for WCSPHAs for ISPH, Khayyer and Gotoh (2011) and Gotoh et
al. (2014) proposed an error compensating scheme to minimize such numerical errors.
Following the similar concept, to maintain a more uniform particle distribution,

Sriram and Ma (2012) proposed that the pressure of reference particle should be
replaced by the minimum pressure of all neighboring particles when calculating the
pressure gradient, based on the original idea of Koshizuka and Oka (1996) and
improved by Khayyer and Gotoh (2013) in the Moving Particle Semi-implicit (MPS)
method.

Another numerical schenme improve the particle distribution is through the
shifting of particle positions directly. Xu et al. (2009) initially used this idea to correct
the non-uniformity of particle distributions. Recently a more efficient method based
on the Fick's law for adjusting the particle distributions has been introduced by Lind
et al. (2012) and Skillen et al. (2013). Besides, Shadloo et al. (2012) also proposed

3
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a particle fracture repairing procedure awbrrected SPH discretization scheme to
eliminate the instability induced by the particle clustering. The improved model
performance has been demonstrated in the benchmark water wave propagations and
wave-body interactions. However, we have found from various tests of violent water
wave impact on fixed structures, especially those involve longer simulation time, the
above-mentioned approaches could face some challenges at the free surface because
the shifting scheme is a function of the gradient of concentration field. This challenge
is highlighted by Khayyer et al.(2017a), where a correction for elimination of shifting
normal to the free-surface is proposed. Despite that the particle shifting algorithm may
partially violates the principle of volume conservation for free-surface flows (Nair and
Tomar, 2015; Pahar and Dhar, 2016), the issues of particle non-homogeneity have
been well resolved.

To make full use of the potentials of available practice, this paper introduces
hybrid ISPH model by combining the particle shifting algorithm of Xu et al. (2009
and minimum pressure idea of Sriram and Ma (2012). The improved numerical
scheme would be expected to effectively eliminate the particle clustering/stretching
issues and make the particle/pressure distributions more stabilized in wave impact
simulations.

2. Review of | SPH M ethodology

The governing equations used to solve the fluid problems in an ISPH method are
the mass and momentum conservation equatisghere is no major improvement in
the fundamental ISPH theory in present papah.1 briefly summarizes the ISPH
solution algorithms, spatial derivative approximations and boundary treatments.

3. Hybrid Particle Stabilization Scheme

This section first reviews the available stabilization approaches, followed by the
proposal of a hybrid technique. Then a benchmark test is done to validate the accuracy
of this new method.

3.1. Existing stabilization techniques

Among a variety of the particle stabilization algorithms reported in the literature, we
have found the minimum pressure (MP) approach of Sriram and Ma (2012) provided
an effective solution. When computing the pressure gradient, the minimum pressure
P, as illustrated in Fig. 1 in the influence domain of reference particle used
instead of P, whichis shown in Eq. (1). Here this approach is named as ISPH_MP.
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Nevertheless, we should realize that the force exerted on paitiblg particle j,

and on particle j by patrticle i, would not be the same, and thus the momentum is

not exactly conserved even if the number of particles in the sub-dsma@ntical
and also whether it is uniformly or irregularly distributed.

On the other hand, Xu et al. (2009) introduced an artificial particle displacement
(APD) method to prevent the particle clustering, which is named as ISPH_APD in this
paper. In this approach the trajectory of particles-distributed by adding a small

artificial displacementsr*  to the advection of the particlas

N ¢
sté=p> r”—3r02VmwAt @)

i= i

where g is a problem-dependent parameter is the direction

componentyr, = Zilrij /N is the cut-off distance; and,, is the largest particle
velocity in the computational system. Heié, is the number of neighbours for
particlei in its support domain. The problem-dependent paramgtenas
recommended tbe0.01 ~ 0.1by Xu et al. (2009). It should be noted thgt must be

selected carefully such that it should be small enough not to affect the physics of the
flow, but large enough to prevent the occurrence of particle clustering and fracture in
SPH simulationThe artificial particle displacement approach has also beenbysed
Shadlocetal. (2011), wherep was kept constaras0.01. Fig. 2(a) gives the

comparison between the experimental data and ISPH_APD results for the pressure
time history ofa solitary wave impacting on the vertical wall (detailed in Section
4.2.1) with the parametep = 0.01. From the stability in the pressure results and

reasonable agreement with the experimental data, we could fix this value in other
simulations as well.

Moreover, Lind et al. (2012) proposed another approach based on the Fick's law for
adjusting the particle distribution. This was further improved by Skillen et al. (2013),
in which a particle displacement vectgy, was used to update the particle position

sty =—Ah|U| AtVC ©)
where a value ofA=2 has been found to provide good compromise in Lind et al.
(2012), |U]. is the velocity amplitude of particlé, and VC = le\/jviw(rij ) is
defined, in whichV; is the volume bparticle.

Fig. 2(b) gives the comparison between experimental dat&Bhttesults for the
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same case as Fig. 2(a) but using the particle shifting method of the Fick's law. It is
shown that this approach still generates some spurious oscillations in the pressure
time history. As mentioned before, the reason could be attributed thehsttifting

scheme is based on the function of the concentration gradient, which cannot be
accurately calculated near the free surface. Therefore, we would use ISPH_APD as a
viable approach in this work.

3.2. Ahybrid stabilization scheme

In order to further improve the ISPH modelling capacity, here we intraalngerid
particle stabilization technique to improve the numerical stability through correcting
the irregular particle distributions, by combining the ISR and ISPH_APD in
Section 3.1. In principle it uses the minimum pressure in the influence domain of
reference particlei to replace the actual pressure of this particle for calculating the

pressure gradient, and meanwhile agdmall artificial displacementr* to the
advection of the particle. This hybrid approach is named as ISPH_MPAPD in the
paper. After some numerical trials, it has been found that a valy® ef0.001 ~

0.01 for r° would be appropriate for modelling the violent water wave impact. It
has also been noted that since the physical velocity of a particle is different from the
velocity with which the particle position is skttwith &r°, we should interpolate

the physical velocity to the new position of the particles in the next computational
cycle. The same interpolation technique as used by Xu et al. (2009) is also adopted
here as

u; :5ri1ui (4)

where i and i’ refer to the old and new values, respectively; angd is the

distance vector between the two particles.

To examine whether or not Eq. (4) still satisfies the pressure Poisson edRRIEon
Fig. 3(a) and (b) give the time history of the averaged velocity divergence and the
impact pressure, computed with and without the SPH interpolation technique.
Meanwhile, the analytical solutions and experimental data (Zheng et al., 2015) are
also provided for the validation purpose. The numerical test is for the solitary wave
propagation which will be detailed in Section 4.2.1. It can be seen that there is almost
no difference observed between the two ISPH results. So we could judge that this
interpolated velocity field should still satisfy the PPE.

3.3. Model test on vortex spin-down

To validate the proposed hybrid method, a vortex spin-down simulation following
Xu et al. (2009) is conducted. In this study a vortex is bounded by the four walls and
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placed in the middle of the domain, as shown in Fig. 4. The initial velocity field is
given by u=U,(y—0.5) and v=U,(0.5-x) inside a unit square, wher® =1.0

m is the width of the square arld, =1 m/s is the velocity scale. The kinematic

viscosity v is taken 0.001 As and the vortex spin-down process is simulated for
the Reynolds numbeRe = 1000.

Fig. 5(a) - (d) show the comparisons of particle distribution computed by using the
standard ISPH, ISPH_MP, ISPH_APD and ISPH_MPAPD, respectively, atttime
1.0 s. The particle number in the x directionNg = 60. The traditional ISPH model

camot achieve the converged result and the computation breaks=8.53 s. From
the comparisons between three particle stabilization methods, the result of ISPH_APD
and ISPH_MP still demonstrates particle clustering and stretching patterns near the
corner region, as clearly demonstrated by the enlarged portion of the particle
distributions at 0 << 0.25 and 0 ¥ < 0.25. In contrast, the hybrid ISPH_MPAPD
computation has obtained the most satisfactory particle distributions.

In order to quantify the accuracy of different particle stabilization methods, Fig. 6(a)
gives the comparison of horizontal velocity componentsat 0.5 mandt=1.0s.
Here the particle number inghx direction is N, = 200. The reference value of the
velocity component was provided by Xu et al. (2009) using the STAR-CD. It shows
that all ISPH computations achieved good agreement with the SITARSsuIts.
Besides, Fig. 6(b) gives the convergence test on the horizontal velocity component,
where N, is the total particle number at different values of 3600, 6400, 10000 and

40000, respectively. The relative err@rr is defined as

Err =Nii/(uj —u,)? (5)

y i=1
where u; and u,, are the horizontal velocity components computed by ISPH and
STAR-CD, respectively N, is the particle number in¢hy direction. It is shown

that the hybrid ISPH_MPAPD computation achieved the smallest errors as compared
with either ISPH_MP or ISPH_APD results. However, we should also realize that all
three ISPH numerical schemes are below first-order accurate in the convergence
behaviour when the particle distribution becomes disordered, in spite of the use of
various correction techniques.

To demonstrate the time history of velocity variatidfig, 7(a) gives the maximum
velocity computed by different ISPH particle stabilization methods wWith = 200,

in which u_, =max(U,|) is defined andi is the index of particle. It shows that the

ISPH_MP computations demonstrate some kinds of oscillation in the velocity time
histories, while both the ISPH_APD and ISPH_MPAPD results are quite stable and

smooth.To further investigate the convergence behaviour of ISPH_MPAPD, Fig. 7(b)
7
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gives the comparison of maximum velocity time histories for different particle
numbersat N, =60, 80, 100 and 200, respectively. Again the close overlap of four

computational curves and the noise-free velocity profiles indicate the convergence of
the model.

Since pressure field is the most sensitive one to the particle disorder and instability,
Fig. 8(a) - (c) give the comparisons of pressure distribution computed by
ISPH_MPAPD at timet = 1.0 s with different total particle numbers &f, = 3600,

10000 and 40000, respectively. It shows that with an increase in the particle number,
the pressure distributions become much more reasonable. This is further supported by
the enlarged portion near the corner regions. Besides, Fig. 9 gives the comparison of
pressure profiles atk = 0.0 m between different ISPH results with-\200 and the
STAR-CD computation made by Xu et al. (2009). From this it is shown that
ISPH_MPAPD can get the best agreement with STAR-while ISPH_MP and

ISPH_APD significantly underestimate the pressure values in the centre domain.

To study the computational efficiency, Fig. 10 gives the comparisons of CPU time
versus total particle numbeN, for different particle stabilization schemes, where
T is the CPU time measured in seconds. It demonstrates that ISPH_MP consumes
the longest CPU time especially at high particle numbers, gineguires more
iterations to solve the pressure Poisson equation under particle clustering or stretching.
On the other hand, the irregular particle distributions have less influence on the
numerical iterations in an ISPH-APD scheme, which takes similar CPU expenses as
the ISPH_MPAPD.

4. Mode Applicationsin Wave I mpact

In this section, to test the effectiveness of the hybrid ISPH_MPAPD on modelling
the violent water wave impact, we consider five practical applications. These include
a dam break flow, solitary wave impact on the vertical and inclined walls, wave
overtopping of an impermeable structure, and wave slamming on subface of an
open-piled structure. The enhanced performance of ISPH_MPAPD will be
demonstrated through the quantitative comparisons with standard techniques such as
ISPH MP and ISPH_APD, as well as the experimental data.

4.1. Dam-break flow impact on a vertical wall

In this test a rectangular column of water is confined between the two vertical walls
as shown in Fig. 1IThe width of water column id. and the height isH . At
beginning the dam is instantaneously removed and water is allowed to flow out along
the dry horizontal bedD is the length of horizontal section of water tank and

8
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pressure sensor; 5 located on the right wall at a vertical distancehpffrom the

bottom. In the interpretation of numerical result, all variables and parameters are
non-dimensionalised by the characteristic dam heightand gravitational
accelerationg.

The following parameters are studied hete:=0.5m, H/L =2.0andD =4L.

To show the convergence of ISPH_MPAPD model results, the time history of impact
pressures at;Romputed by using different time steps and particle numbers are
presented in Fig. 12(a) and (b), respectively. Here it should be mentioned that the
computed pressures are obtained by the particle nearest to the measuring location
which does not involve the samplings from neighbouring particle. It is shown from
Fig. 12 that as the time step or particle spacing becomes smaller (i.e. when the particle
number becomes larger), the difference between two adjacent numerical results
becomes smaller. Also the numerical results become smoother and less fluctuating,
following the refinement in spatial and temporal resolutions. These have clearly
evidenced the convergence of numerical results in the temporal and spatial domains.

Besides, Fig. 13 gives the comparisons of wave front and water column height of
dam break flow computed by three alternative ISPH methods. The numerical results
are compared with the experimental data of Martin and Moyce (1952). It seems that
very minor differences are found between them, which may imply that the water
surface profiles are not very sensitive to the particular choice of particle stabilization
schemes as compared with the impact pressure.

In order to further quantify the accuracy of different particle stabilization schemes,
another benchmark dam break flow as documented by Colagrossi and Landrini (2003)
is considered, where the dimensiohs=2.0m, H =0.5L and D =5.3667L
are used in Figl1. On the right wall, there is alsgpressure sensor poing ®Rith
height h =0.14H to record the impact pressure time history. For all controlled SPH

simulations in this case, the particle numbers keep the same at 120 x 60

corresponding to a particle size of 0.016.7The time step is taken to be constatit

= 0.003 s. Fig. 14 illustrates the patrticle distributions by using different ISPH

stabilization methods and the snapshots were extracted atith&i5 s. We could

observe that there &slight particle strip distribution in the ISPH_MP results as

shown in Fig. 14(a), and the particle distribution becomes disordetied

ISPH_APD results as shown in Fig. 14(b). Overall speaking, the particle distrgution

computed by ISPH_MPAPD seem to be most satisfactory as shown in Fig. 14(c).
The time histories of pressure atcBmputed by using different ISPH particle

correction methods (with total particle numbe=N200) are compared with the

experimental dataf@Zhou et al. (1999) in Fig. 15. It shows that the pressure obtained

by ISPH_MPAPD is much better than that from the other two methods, i.e. ISPH_MP

or ISPH_APD. The ISPH_MP result exhibits a more obvious phase shift in the second

9
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pressure peak, while the ISPH_APD result demonstrates a much larger pressure
oscillation. For the three ISPH results, their major differences appear after the second
pressure peak. One reason could be due to the lack of two-phase water-air modelling,
since the influence of air becomes increasingly significant during the second violent
wave impact when the water column plunges down onto the surface and forms a
cavity region. It has been recorded that the CPU expense (Intel i7 3.4 GHz with RAM
8 GB) of present simulation is 324 s by using ISPH_MP, 332 s by ISPH_MP and 326
sby ISPH_MPAPD, respectively.

4.2. Solitary wave impact on a vertical wall

In order to further evidence the effectiveness of improved particle stabilization
technique, the analysis of numerical results of solitary wave impactentical wall
is provided below. The experiment of solitary wave propagation and its impact on a
vertical wall was carried out by Zheng et al. (2015) inaBave flume with piston
wave maker in Harbin Engineering University (HEU). The schematic diagram of the
wave tank is shown in Fig. 1&he wave tank is 10 m long and the water deptt is
= 0.25m. The solitary wave height ifi = 0.15m, thus thevave nonlinearitys
& =h/d=0.6 A measurement point;is located on the right wall at a distance of
0.05 m from the tank bottom to monitor the pressure time history. In ISPH
computation the initial particle spacing is 0.01 m and the time step is 0.001 s.

Fig. 17 illustrates the particle distributions with pressure contour by using the
original ISPH (Shao and Lo, 2003) and improved ISPH with different particle
stabilization methods. The snapshots were extracted atttimel.2 s after the wave
is initiated. Under such a high wat@depth ratio, it would be very easy to generate
the particle clustering in standard ISPH computation, which is illustrated in Fig. 17(a).
On the other handt ¢an be seen that tbeabnormal particle distributions can be
corrected effectively by using the different stabilization techniques as shown in Fig.
17(b) - (d). However, we could still find that theraislight particle strip distribution
in ISPH_MP result as shown in Fig. 17(b). Besides, the particle distribution is slightly
disorderedn ISPH_APD result as shown in Fig. 17(c). Overall speaking, the
distribution of particlesn ISPH_MPAPD result is the most desirable, as shown in Fig.
17(d), which demonstrates its superiority in predicting the pressure fields.

To investigate the conservation of volume for all ISPH models, Fig. 18 shows the
time history ofwater particle volume variations during the wave propagation. It can
be seen that ISPH_MP and ISPH_APD cannot satisfy the strict volume conservation,
namely the mass conservation, while the proposed ISPH_MPAPD has the best
conservation performance. By analysis it was found that the relative volume errors are
about 1.45% for ISPH_MP, 1.24% for ISPH_APD and only 0.71% for ISPH_MPAPD
in Fig. 18. Besides, the comparisons of wave surface profile at two time instants of

10
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= 2.0 sand 3.1 s are shown in Fig. 19(a) and (b), respectively, which shows that all
ISPH simulated free surfaces have an overall agreement with the analytical solution,
although there are some differences in the wave crest. Here the relative errors in wave
height are about 1.013% for ISPH_MP, 5.153% for ISPH_APD and 0.433% for
ISPH_MPAPD in Fig. 19(a), while they are 5.31% for ISPH_MP, 2.5% for
ISPH_APD and 2.86% for ISPH_MPAPD in Fig. 19(b). Generally speaking,
ISPH_MPAPD computation also shows the best accuracy and stability in the wave
surface profiles.

Furthermore, the comparisons of wave impact pressure at sensorjdoativEen
the experimental data (Zheng et al., 2015) and numerical results by using different
ISPH patrticle stabilization methods, are illustrated in Fig. 20(a) - (d). It should be
mentioned that Fig. 20(a) is the superposition of all the data, while Fig. 20(b) - (d) is
the comparison with each individual ISPH correction scheme. It is shown that in Fig.
20(b) there appear spurious oscillations around the I8#Hpressure peak. In Fig.
20(c) the pressure peaks computed by ISPH_APD are larger than the experimental
data. Again the proposed ISPH_MPAPD achieves the best agreement in both the
pressure peak and its evolutions, as shown in Fig. 20(d). Comparing Fig. 20 with Figs.
17-19, it can be understood that the impact pressure simulations can best demonstrate
the superiority of ISPH_MPAPD than the other illustrations, such as the particle
shapshot and volume and free surface profile.

4.3. Solitary wave impact on a slope wall

In this section, the ISPH method with improved patrticle stabilization technique is
used to the simulation of solitary wave impacting on a slope with angle of 150°. The
computational domain is the same as that used in the laboratory experiment of Zheng
et al. (2015), so a direct comparison can be made. Four pressure sensors, labelled as
P, — P4, are placed along the slope at a distance of 0.05 m from the bed and
subsequent intervals of 0.1 m upward. The schematic diagram of the domain is shown
in Fig. 21.

As shown in Fig. 21 a solitary wave with wave amplituded = 0.6 is studied. The

water depth isd = 0.25 m and the length of horizontal sectionLis= 10.0 m. The
initial particle spacing is 0.01 m and approximately 25000 particles are involved in
the ISPH computations.

Fig. 22illustrates the process of solitary wave running up and down the slope at
different times computed by ISPH_MPAPD, whose particle snapshots coincide well
with the laboratory photographs. It can be seen from Fig. #24ajhe wave front
reaches its maximum climbing point at time= 6.5 s. Then the run-down process
starts and the main flow retreats from the slope. It is shown in Fig. tP2¢ty violent
backflow occurs near the original shorelinetat= 7.0 s, which explains the abrupt
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pressure drop in its time history (as shown in later Fiy). @dnerally the agreement
between numerical and experimental free surfaces is quite satisfactory.

Fig. 23 illustrates the particle distributions with pressure field computed by using
different particle stabilization methods. The snapshots were extracted attifrke g
and t=7.25 s after the model was ruhcén be seen from Fig. 28) and(a2) that
there exist particle clusiing and disorders in the pressure field, which was computed
by using ISPH_MPIn Fig. 23(b1)and(b2), the pressure fields computed by
ISPH_APD displayed obvious local chaos, especially at later stage of the wave impact.
On the other hand, the distribution of particles and their pressure fields in
ISPH_MPAPD result shows much more stable and uniform patterns, as indicated in
Fig. 23¢1) and(c2).

To quantify the accuracy of ISPH_MPAPD, Fig. 24(a) -sfthw the comparisons
of wave impact pressure at four measurement point®p) between the experimental
data and different ISPH correction results. It is shown that good agreement has been
found in spite of some discrepancies, due to that the pressure fields are always
difficult to predict by any numerical model. Similar to experimental data, the
computed pressured P; and B which are located below the surface of water, share
similar evolution features. That is to say, the impact pressure first reaches its
maximum value when the wave runs up to the maximum point, and then it gradually
decreases to negative pressure as the wave runs down freely, until to the minimum
pressure point. However, all ISPH computations exhibit much larger pressure
oscillations than the experimental observations. It is also promising to note
ISPH_MPAPD computation demonstrates much less pressure noise and shows better
agreement with the experiment. This conclusion has tether strengthened by the
zoomed sub-figures of Fig. 24(al - a3) and (b1 - b3) with separate comparison with
each ISPH model, which shows that ISPH_MPAPD is superior to either ISPH_MP or
ISPH_APD in obtaining the stable and accurate pressure predictions.

On the other hand, as showrFig. 24(c)and(d), the computed pressures at sensor
point P; and B, which is on and above the still-water shoreline, exhibit much more
stable pressure patterns as compared with thoseaatlA?. Both pressures increase
rapidly to the maximum value when the solitary wave impacts on the slope and then
fall to zero without generating the negative pressures. Again the numerical results of
ISPH_MPAPD show an overall better agreemeitih the experiment,

Since maximum pressure generated during the wave impact is quite important for
the safety and reliability of marine structures, we carry out an error analysis and find
out that the relative errors are around 10.25% for ISPH_MP, 10.69% for ISPH_APD,
and only 0.3% for ISPH_MPAPRscompared with the experimental peak pressure
in Fig. 24(a)In contrast these errors are about 11.83%, 9.24% and 5.6%, respectively,
in Fig. 24(b)
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4.4. Solitary wave overtopping on an impermeable seawall

Here another robust test is carried out to investigate the tsunami-like solitary wave
impinging and overtopping on an impermeable trapezoidal seawall located on a 1:20
sloping beach. The numerical computation was based on the benchmark physical
experiment documented by Hsiao and Lin (20I®)he study, thevave nonlinearity
& =h/d is0.35 and other relevant parameters are shown in Fig. iBS{d¢ the

wave tank. For analysis, the relative timne=t —-t,; is used, where,,, is the time

of maximum wave run-up against the wall.

The ISPH computation used a particle spacing of 0.01 m and constant time step of
0.001 s, involving 21360 particles. The solitary wave was generated by pushing a
solid wave paddle on the offshore boundary. The numerical simulations were carried
out to 10.0 seconds of the wave propagation. The experimental data of water surface
profile and wave impact pressure are used to validate the ISPH results and evaluate
the accuracy of different particle stabilization schemes. The measurement points of
water surface “G” and impactpressure “P” are shown in Fig. 25(b). It should be noted
that only selected results from the experiment of Hsiao and Lin (2010) are used here
for the model comparisons.

Fig. 26 shows the particle snapshots with pressure field during the wave impinging
and overtopping on the trapezoidal caissort'at 3.19 s, computed by all ISPH
particle correction schemes. It is shown that as the wave overtops over the seawall an
overtopping tongue develops on the crown. In addition, the experimental photo and
measured free surface profiles (Hsiao and Lin, 2010) indicated by the black dots are
superimposed on the ISPH particle snapshots, quantifying the good accuracy of
numerical simulations. From the enlarged portion of the sub-figures, we could observe
that there is a slight particle strip distribution near the run-up boundary in ISPH_MP
results as shown in Fig. 26(a). On the other hand, the particle distribution seems to be
noisy in ISPH_APD results as shown in Fig. 26(b). In comparison, the distribution of
particles and pressure patterns in ISPH_MPAPD results are still the most satisfactory
as shown in Fig. 26§c

Fig. 27(a) - (d) show the time historiesfade surface variationompared between
experimental data (Hsiao and Lin, 2010) and numerical results at four wave gauging
points (sed-ig. 25(a)). Although the computed free surface elevations seem to be
generally higher than the experimental values, the overall good agrasmeie
promising. For Fig. 27(a) - (hhe ISPH_APD gives a slight overestimation of the
peak elevation as compared with the ISPH_MP and ISPH_MPAPD, while the time
histories of ISPH_MPAPD computation are much more stable than the ISPH_APD
and ISPH_MP results as shown in Fig. 27(c) - B#sides, the small and narrow
spread of free surface profile kig. 27(d)indicates that only a small portion of water
overtops on the impermeable seawall, thus explaining the oscillation in numerical free
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surfaces at & and the slightly larger discrepancy in predicting the maximum wave
height,in contrast to the situations atG50 and Gs.

FurthermoreFig. 28(a) - (d) shows the time histories of experimental (Hsiao and
Lin, 2010) and numerical impact pressures computed by using different ISPH particle
correction schemes, at pressure gauge 0P P; and R on the weather side of
trapezoidal structure (s&&g. 25(b)). It is shown that the general trend of impact
pressures computed by all ISPH models follows good consistency with the
experimental measurement, in spite of unavoidable discrepancies due to the
complication of the physical problem. The pressure time history of ISPH_MP and
ISPH_MPAPD is much more stable than that of ISPH_APD, in which larger pressure
oscillations are observed. Also it is found that ISPH_MP computation generates more
pressure noises than the ISPH_MPAPD, especialiygn28(a) at the first pressure
measuring point.

Although all ISPH computations underestimate/overestimate the peak pressures to
some extent, the relative errors are about 34.77% for ISPH_MP, 43.6% for
ISPH_APD and 32.55% for ISPH_MPAPD in Fig. 28(a). On the other hand, these
errors are around 20.2% for ISPH_MP, 41.9% for ISPH_APD and 5.6% for
ISPH_MPAPD, respectively, in Fig. 28(c). Overall speaking, the present wave
overtopping simulation further provides the indication that the hybrid ISPH_MPAPD
stabilization techniquis superior to existing ones in accurately predicting the wave
impinging and overtopping process.

4.5. Regular wave slamming on subface of an open-piled structure

To finally validate the computational accuracy and stability of the hybrid
ISPH_MPAPD model again, the simulationaategular wave slamming on the
subface of an open-piled structure is investigated in this section. The schematic setup
of computational domain is shown in Fig. 29(a), where the wave flume is 14.0 m long
with a wavemaker being located at = 0.5 m. The incident wave is a regular wave
with a wave heightH = 0.15 m and wave period = 1.2 s. A horizontal platform
is fixed at 0.1H above the still water surface and 8.0 m away from the left-hand-side
of the flume. Eleven pressure measuring points ;) on the subface of the
horizontal structure are shown in Fig. 29(b). The detailed information on the physical
experiment is illustrated in Ren and Wang (2005) and Gao et al. (2012). Similar
problems have also been addressed in the benchmark work of Gomez-Gesteira et al.
(2005).

By using a particle spacing of 0.015 m and tgtd86000 particles, the ISPH
simulations are carried out. The particle distributions with pressure field computed by
different particle stabilization methods are shown in Figat3me t = 11.67 s. It can
be seen from Fig. 30(a) that there is a slight particle strip distribution in the ISPH_MP

results, such that a small blank area around the left corner of the platform is observed.
14
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By examining Fig. 30(b), the particle distributions under the platform demonstrate
irregularity and there also exists an obvious separation zone with the structure in the
ISPH_APD results. On the other hand, the distribution of pariiclgse
ISPH_MPAPD results is again much more stable and uniform than the other two
results, as shown in Fig. 30(c). In addition, the comparisons of experimental (Gao et
al., 2012 and ISPH wave profiles are also shown in FigaB@ the general
agreement is acceptable, since there are unavoidable discrepancies found especially
the upper region of the platform.

Fig. 31(a)and(b) shows the time histories of experimental and ISPH impact
pressures computed by different correction methods at pressure gaagesH{see
Fig. 29(b)), respectivelylhe numerical pressuet each measuring point is obtained
by the spatial averaging of the pressures of neighboring fluid particles within a radius
of three-time particle spacing. It can be seen that the computed impact pregsires
ISPH models reasonably coincide with the experimental data of Gao et al. (2012), in
spite of the unavoidable discrepancies. Besides, the pressure history of ISPH_MPAPD
is much more promising than that of ISPH_APD, which shows larger pressure
oscillations, also more reliable than that of ISPH_MP, which demonstrates severe
pressure noes especially irFig. 31(a) at the measuring point Fhe present regular
wave slamming simulations once again evidence that the improved ISPH_MPAPD
stabilization technique has great potentials in wider wave application fields.

5. Conclusions

In this paper an improved hybrid particle stabilization scheme of ISPH is proposed
to simulate violent wave impact with coastal structure. The method adopts an
ISPH_MPAPD approach, which combines the ISPH_MP and artificial particle
displacement ISPH_APD algorithms to reduce particle clustering and instability so as
to improve the ISPH modeling capacity. To validate the accuracy and stability of the
model, ISPH_MPAPD is applied to study five benchmark cases of wave-structure
interaction, including the dam break flow and solitary wave impact on a vertical wall,
solitary wave impact on a slope, solitary wave overtopping on an impermeable
seawall and regular wawstamming on the subface of an open-psédicture.

According to the comparison between numerical results computed by ISPH_MPAPD,
ISPH_MP and ISPH_APD and experimental data, the performance of ISPH_MPAPD
is found to be most satisfactory in view of its accuracy, stability and efficiency in
dealing with the instabilities caused by the particle clustering and fracturing. Future
work is needed to improve the method for more challenging applications in the wave
interactions with a movable structure.

However, as documented in the benchmark study of Nair and Tomar (2015) and
Pahar and Dhar (2016), any particle shifting technique can violate the conservation of

volume. The sensitivity test on the particle volume for solitary wave case in Fig. 18
15
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disclosed that the relative volume errors are 1.45% for ISPH_MP, 1.24% for
ISPH_APD and 0.71% for ISPH_MPAPD, respectively, but this small deviation of

the volume could significantly improve the stability of numerical results by

effectively regularizing the particle distributions. So the benefit of shifting scheme

well outweighs the drawback caused by the particle volume errors. On the other hand,
as for ISPH_MP, it may violate the momentum conservation but only to some extent.
In the context of particle methods, it would be impossible to satisfy both the
momentum conservation and the Taylor-series consistency at the same time.
ISPH_MP tends to provide approximate pressure gradient, i.e. not perfectly
momentum conservative, but being closer to the Taylor-series congidratently,

it has been found that the Taylor-series consistency appears to be more important than
the exact local conservation of the momentum (Khayyer et al., 2017b).

Besides, we should also be aware that the present SPH accuracy is influenced by
various factors. Turbulence is one of the issues whose influence is case-dependent. In
present study the main objective is to evaluate the combined correction scheme. Also,
in the numerical simulations the effect of sub-particle-scale turbulence on the
macroscopic hydrodynamics, such as water surface deformation and impact pressure,
seems to be trivial due to the use of sufficiently small particle size. However, if the
coarser particles are used in larger practical domains, the SPS turbulence modelling
must be considered due to the significant increase of turbulence levels.
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