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ABSTRACT  

Grass cover erosion by wave overtopping is a major failure mechanism for earthen dikes. Grass cover erosion resistance 

(represented by the critical velocity, Uc) can be assessed using full-scale, destructive tests with the wave overtopping simulator 

(WOS) in combination with the erosion model ‘cumulative overload method’ (COM). Although these tests provide valuable 

information, they are relatively expensive and time consuming. Therefore, a small-scale grass pullout test (GPT), which 

translates the vertical pullout force of a grass sod to a Uc, may be an attractive alternative. In this paper, based on comparative 

testing with the WOS and GPT on three species-rich grass covers on dikes in the Netherlands, we assess the correspondence 

between the Uc obtained with the WOS and GPT for species-rich grass covers. Ultimately, by also including historical tests, 

we aim to get more insight into the suitability of the GPT for quantitative erodibility assessment of grass covers in general.  

During testing with the WOS, no failure was observed for the tested grass cover sections. Therefore only a lower bound 

of the Uc could be derived. Results indicate that the estimated Uc with the GPT is around the lower bound values obtained 

with the WOS. This is in line with previous tests on conventional grass covers, for which the GPT provides a more 

conservative estimate of the Uc than the WOS. Adaptations in the translation from pullout force to Uc may correct for the 

negative bias and hence improve the reliability of the GPT for quantitative erodibility assessment. Several suggestions to 

adapt the GPT in future work are provided in this paper. These adaptations should be tested and validated for conventional as 

well as species-rich grass covers to guarantee the general applicability of the method.   

KEYWORDS: Wave Overtopping, Dikes, Grass Covers, Grass Pullout Test, Critical Velocity 

1 INTRODUCTION  

Earthen dikes in the Netherlands typically comprise a clay or sand core, with a clay(ey) substrate on top wherein grassland 

vegetation is rooted. This clayey substrate with grassland vegetation is referred to as a grass cover, and it protects the body of 

the dike against erosion by waves. Grass cover erosion by wave overtopping is one of the major failure mechanisms for these 

earthen dikes, particularly for sea and lake dikes (Van der Meer et al., 2018; Van Bergeijk et al., 2020). The erosion resistance 

of the grass cover, represented by the critical velocity, Uc, is a determining factor for the required crest height in the design 

of a dike. Hence, to ensure the required safety level is met, the erosion resistance of the grass cover is of vital importance.  

Field assessment of grass cover erosion resistance in the Netherlands and other countries has been done using full-scale, 

destructive testing with the wave overtopping simulator (WOS) in combination with the cumulative overload method (COM).  

However, full-scale testing with the WOS is relatively expensive and time consuming. Hence, the use of a small-scale grass 

pullout test (GPT), which estimates the Uc via the pullout force of a grass sod, may be an attractive alternative. Moreover, due 

to its mobility and ease of use, its results may serve a wider range of applications, such as correlating grass cover strength to 

soil and vegetation data. The WOS is regarded as the most reliable method to find the Uc and has been successfully applied 

at various grass cover types for a long time. During previous tests, the correspondence between the Uc from the GPT and 

WOS has been good at five initial test plots with grassland vegetation on a clayey substrate (Bijlard et al., 2017). However, 

more recent tests on a sandy substrate indicated significant differences between the results of both methods. 

In Future Dikes, an innovation project funded by the Dutch Flood Protection Programme (in Dutch: 
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Hoogwaterbeschermingsprogramma, HWBP), the required knowledge for the nation-wide application of species-rich grass 

covers is developed. As part of the project, a field campaign was set up to assess the erosion resistance of existing species-

rich grass covered dikes in the Netherlands (Radboud University, 2023). The field campaign included tests with both the WOS 

(3 sites) and GPT (20 sites). However, given previous results, it was unknown whether the GPT was applicable to reliably 

estimate the Uc of these species-rich grass covers, which typically comprise a relatively sandy substrate. In this paper, through 

comparative testing with the GPT and WOS at three sites where both methods were applied, we analyse the correspondence 

between their results. Ultimately, by including tests on both conventional as well as species-rich covers, we aim to get a 

comprehensive insight into the applicability of the GPT for quantitative erodibility assessment of grass covers. 

2 DATA AND METHODS 

2.1 Wave overtopping erosion and the cumulative overload method 

Grass covers on landward and seaward slopes of dikes typically consist of a densely rooted top layer on a substrate of 

(sandy) clay. One of the main failure mechanisms for these grass covers is erosion by wave run-up or wave overtopping. The 

pulsating load on the grass cover is caused by high flow velocities of the wave front resulting in shear stresses and pressure 

gradients at the surface. These gradients induce grass cover erosion by washing out material, stripping off the turf (i.e. the 

grass sod) and eventually breaking through the top layer. After this initial breakthrough, degradation of the top layer and the 

substrate may increase fast. This is defined as grass cover failure (Steendam et al., 2012). The cumulative overload method 

(COM), as given in Equation (1), may be used to predict the extent of grass cover erosion as a result of wave overtopping and 

wave run-up (Van der Meer et al., 2017; Hoffmans et al., 2018; Van der Meer et al., 2020).  

𝐷 = ∑(𝑈𝑖
2 − 𝑈𝑐

2)

𝑁

𝑖=1

 

For 𝑈𝑖
2 > 𝑈𝑐

2 

(1) 

where the extent of damage is quantified by a damage number 𝐷 (m2/s2), 𝑈𝑖  is the wave front velocity, 𝑈𝑐 is the critical 

velocity and 𝑁 is the number of wave volumes. Note that, in this paper, the influence factors for transitions and objects, 𝛼𝑠 

and 𝛼𝑀, and the accelerations factor, 𝛼𝑎, are left out since transitions and objects are not considered and the front velocities 

were directly measured.  

The damage number 𝐷 increases when 𝑈𝑖 exceeds 𝑈𝑐. This means that mainly the large overtopping volumes contribute 

to 𝐷. Based on previous tests in the Netherlands, for a 𝐷 of 1000 m2/s2, 4000 m2/s2 and 7000 m2/s2 the COM predicts the 

damage criteria ‘initial damage’, ‘several open spots’ and ‘cover failure’, respectively (Van der Meer et al., 2020). However, 

the method was calibrated to predict failure. Prediction of damage before failure is often not accurate. 

In this paper, two methods were applied to determine the 𝑈𝑐 of species-rich grass covers. First, through full-scale 

simulations with the WOS in combination with the COM, the 𝑈𝑐 can be derived from (non-)failure and the extent of cover 

damage. Second, using a small-scale GPT, the 𝑈𝑐 can be estimated from the pullout force of a grass sod. 

2.2 The wave overtopping simulator 

The wave overtopping simulator (WOS), as seen in Figure 1, was designed and constructed in 2006 and has since then 

been used for destructive testing of grass cover erodibility in the Netherlands, Belgium, Vietnam, the US and Singapore (Van 

der Meer et al., 2007; Le Hai Trung et al., 2011; Thornton et al., 2013; Van der Meer et al., 2020).  

 

Figure 1 The wave overtopping simulator in action. 
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With this method, a 20 m3 specially designed container is placed on top of the dike crest and subsequently filled with 

water. Individual wave volumes are then released through drawer valves and guided down the slope over a section of 4 m 

wide (Van der Meer et al., 2020). Two sections were tested for all three sites. 

The wave volumes, randomly released at the crest, represent the waves overtopping the dike during the peak of a storm. 

The individual overtopping volumes follow a Weibull distribution, which is derived using the procedure in the EurOtop 

manual 2018 (Van der Meer et al., 2018). Using the variables in Table 1, six test scenarios were constructed. For each test, 

the corresponding wave volumes were released in appearing order over the test sections. 

 
Table 1 Wave overtopping (WO) scenarios constructed with a differing average overtopping discharge (q), 

freeboard (Rc), significant wave height (Hs), peak wave period (Tp), wave steepness (s), number of overtopping 

waves (Now) and probability of overtopping (Pov). 

Test q (l/s/m) Rc (m) Hs (m) Tp (s) s (-) Now (-) Pov (-) 

WO-1-1 1 1.94 

1.0 3.58 0.05 

437 0,07 

WO-10-1 10 1.25 2,048 0,34 

WO-50-1* 50 0.68 4,376 0,73 

WO-100-1 100 0.39 5,432 0,90 

WO-50-2 50 2.45 
2.0 5.66 0.04 

1,658 0,43 

WO-100-2** 100 1.90 2,303 0,60 

* This test was only used for one of the sections. See section 4.2.  

** This test was repeated for every section. 

 

It is important to note that, due to the time required for opening and closing the valves in combination with the filling 

discharge of the container, there is a minimum volume which can be released for each test. In order to release the same total 

volume as for the theoretical distributions in Table 1, the volumes that were too small to simulate were added up and divided 

by the minimum volume. This means that the number of released wave volumes equals roughly 50-80 percent of Now in Table 

1. Figure 2 shows the wave volume distributions for each scenario. The distributions are cut off at the maximum capacity of 

the simulator (4.7 m3/m) as well as the minimum volume per scenario (dashed line).  

 

Figure 2 Wave volume distributions used for the wave overtopping simulations. 

For various pre-defined wave volumes, the front velocity was measured using either a drone or an action camera, which 

was placed on a pole next to the test section. The video material comprises the entire test section as well as the markers which 

were placed at every metre along the test section. The front velocity along the slope was estimated by counting the number of 

video frames it took for the wave front to move 1 m. To reduce noise, a smooth line was fitted through the discrete 

measurements, which was eventually used to get a continuous front velocity profile along the slope. This velocity profile 

represents the wave load (i.e. 𝑈𝑖
2) in the COM. 

By visually keeping track of the initiation and development of damage to or failure of the grass cover, the value of 𝐷 is 

approximated (i.e. 1000, 4000 or 7000 m2/s2). The cumulative wave load can be determined based on the front velocities. 

From various options for the 𝑈𝑐, the ‘correct’ estimate is the one which results in a 𝐷 matching the observed damage threshold 

during the simulation. This procedure is described in more detail in Van der Meer et al. (2020). Since the COM is calibrated 

for predicting failure, the threshold of 7000 m2/s2 is considered normative in estimating the 𝑈𝑐. This means that, in case the 

grass cover does not fail, a lower bound of the 𝑈𝑐 can be derived. 
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2.3 The grass pullout test 

The grass pullout test (GPT), as seen in Figure 3, was developed and applied on a series of grass on clay dikes in 2015, 

for which it estimated a Uc similar to the Uc found with the WOS (Bijlard et al., 2017). The device consists of a tripod, which 

connects a 0.2 x 0.2 m2 metal pull frame to an electric motor via a cylinder. The pull frame is attached to the turf through five 

metal pins at 0.04 m below the surface. A sod is then pulled out at a constant speed of 1 cm/s, while the required tensile force 

and displacement are recorded. The maximum tensile force occurs at failure of the sod. At this stage, the upward pull force 

exceeds the combination of resistant downward forces (i.e. from sod weight, soil cohesion and roots). 

 

Figure 3 The grass pullout test in action. 

Typically, 40 tests are performed within a test plot of 15 x 10 m2, of which 30 with two (opposite) sides and 10 with four 

sides cut free. The average maximum tensile force of the 2-sided (𝐹2
̅̅̅) and 4-sided (𝐹4̅) tests is used to derive an amplification 

factor (AF): 

𝐴𝐹 = 1.1 (
𝐹2
̅̅̅ + (𝐹2

̅̅̅ − 𝐹4̅)

𝐹2
̅̅̅

) (2) 

which translates 𝐹2 to the tensile force of an intact sod (𝐹𝑖): 

𝐹𝑖 = 𝐴𝐹 ∗ 𝐹2 (3) 

Then, the tensile force of the intact sod is divided by the sum of the area of the bottom (𝐴𝑏), the free and attached sides 

(𝐴𝑠1 and 𝐴𝑠2) of the pulled sod, which gives a critical normal stress (𝜎𝑔𝑟𝑎𝑠𝑠,𝑐) for each of the 30 2-sided tests: 

𝜎𝑔𝑟𝑎𝑠𝑠,𝑐 =
𝐹𝑖

𝐴𝑏 + 2 ∗ 𝐴𝑠1 + 2 ∗ 𝐴𝑠2

 (4) 

The spatial distribution of 𝜎𝑔𝑟𝑎𝑠𝑠,𝑐 within the test plot may provide insight into the spatial heterogeneity of the grass 

cover strength, which is more difficult to assess using the WOS.  

Now, by assuming the pressure fluctuations in the top layer as the main loading mechanism during wave overtopping, 

𝜎𝑔𝑟𝑎𝑠𝑠,𝑐 can be written in terms of velocity. By working out the balance of the vertical forces acting on a conceptual turf 

element, using the equation of motion, the definition of bed shear stress as well as the exponential decrease of the root density 

with depth, Hoffmans et al. (2009) and Hoffmans (2012) derived a formula for the Uc of a grass cover: 

𝑈𝑐 = 𝛼𝑔𝑟𝑎𝑠𝑠,𝑈𝑟0
−1√

𝜓𝑐(𝜎𝑔𝑟𝑎𝑠𝑠,𝑐(0) − 𝑝𝑤)

𝜌
 (5) 

where 𝛼𝑔𝑟𝑎𝑠𝑠,𝑈 (-) is a factor with value 2.0, 𝑟0 is the relative turbulence intensity (-) with an approximate value of 0.12 

for wave overtopping conditions on a grass slope, 𝜓𝑐 is the critical Shields parameter (-) with a value of 0.03, 𝑝𝑤 is the suction 

pressure (N/cm2) in the topsoil, 𝜌 is the water density (kg/m3) with a value of 1000, and 𝜎𝑔𝑟𝑎𝑠𝑠,𝑐(0) is the critical normal stress 

(N/cm2) at the ground level (Hoffmans, 2012; Hoffmans et al., 2018). Since experiments are typically done in autumn or 

winter, in wet conditions, it is assumed that 𝑝𝑤 is negligible. This way, 𝜎𝑔𝑟𝑎𝑠𝑠,𝑐(0) is the only variable parameter.  

For 𝜎𝑔𝑟𝑎𝑠𝑠,𝑐(0), it is assumed that, in case of wave overtopping erosion, the grass cover will most likely fail at the weakest 

spot in the test plot. It is assumed that the 30 values of 𝜎𝑔𝑟𝑎𝑠𝑠,𝑐 per plot are sampled from a normal distribution. Based on the 

mean and standard deviation of these 30 samples, the 2.5th percentile value is assumed as representative for the weakest spot. 

The 2.5th percentile value is then used in Equation (5) to estimate the Uc (Bijlard et al., 2017).  
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3 TEST SITES 

In the Future Dikes project, the GPT and WOS were used at three existing species-rich grass covered dikes along the 

Meuse River, a few kilometres south-west of Nijmegen, in the east of the Netherlands, as seen in Figure 4. 

 

Figure 4 Location of test sites 1, 2 and 3. 

General characteristics regarding the slope geometry and the orientation of each section per site are summarised in Table 2.  

Table 2 Characteristics of slope geometry and orientation. 

 
Site 1 Site 2 Site 3 

Section 1 Section 2 Section 1 Section 2 Section 1 Section 2 

Slope length (m) 14 13 12 

Average steepness 

(m vert.: m hor.) 
1:3.5 1:3.2 1:3.2 1:4 1:3.2 

Steepest part of the slope 

m vert.: m hor. (at m distance 

from crest) 

1:2.3 (3-4) 1:2.2 (4-5) 1:2.7 (6-7) 1:2.6 (10-11) 1:2.6 (0-1) 1:2.1 (0-1) 

Orientation South-west South-west South-east 

Inside/outside slope Outside Outside Inside 

 

For these three sites, the first set of GPTs was carried out in October 2022, while the tests with the WOS were carried 

out from January to March 2023. Additional GPTs, 8 sets of 5 tests over 350 m of dike length, near site 3 were done in 

November 2022 to analyse the spatial variability of grass cover strength. Additional GPTs at sites 1-3 were done in January 

and February 2023, together with the WOS, to study the temporal variability of grass cover strength. An overview of the 

measurements is given in Table 3.  

 

Table 3 Measurements at sites 1, 2 and 3 in October (O), November (N) 2022 and January (J), February (F), and 

March (M) 2023. 

 
Site 1 Site 2 Site 3 

O22 J23 O22 F23 O22 N22 FM23 

Wave overtopping simulation 

(WOS) 
 x  x 

  x 

Grass pullout test (GPT) x x x x x x x 

 

4 RESULTS OF THE WAVE OVERTOPPING SIMULATIONS 

4.1 Front velocities 

To obtain a continuous front velocity profile (i.e. wave load) along the slope, the front velocities derived from the discrete 

video frames were first averaged for two repeated volumes. Then, a trendline was fitted through the resulting graphs at separate 

sections of the slope, as seen in Figure 5. The fitted trendline was used as input for the COM. 
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Figure 5 Measured front velocities for section 2-1 at 1-7 m from the crest, including fitted trendline. 

For all sites, the front velocity increases with the wave volume. For site 1 and 2, the front velocities increased towards 

the toe, such that the highest cumulative wave load occurred at the lower half of the slope, roughly at a distance of 8-12 m 

from the crest. However, for site 3, the highest flow velocities occurred at the upper slope, at a distance of 2-5 m from the 

crest. This may be explained by the fact that the first part of the upper slope at site 3 is relatively steep, whereas the lower 

slope is more gradual.  

4.2 Observed grass cover damage during overtopping simulations 

Table 4 contains the observed damage per section. For the observed damage, also the moment and the location at the 

slope are given. 

 
Table 4 Observed damage per test section. Section 1-1 refers to site 1, section 1. 

 

Section 
Test 

Moment/ 

duration 

Distance from 

crest (m) 
Extent of damage 

1-1 

WO-1-1, WO-10-1, WO-100-1 15 h  No damage 

WO-50-2 
After 1-2 h 

3 h 

5-6 

5-9 

Start of damage 

Turf stripped off + 3.2 m 

WO-100-2 5 h 6-11 Turf stripped off + 2.3 m 

WO-100-2 (rep.) 4.5 h 6-12 Turf stripped off + 1.7 m, 

no failure 

1-2 

WO-1-1, WO-10-1, WO-100-1, WO-50-2 

 

\ 

WOWO 

20 h  No damage 

WO-100-2 
After 1-2 h 4 Initial damage 

 

 

 

3h  Turf stripped off + 1.15 m 

WO-100-2 (rep.) 5 h  
Turf stripped off + 0.5 m, 

no failure 

2-1 

WO-1-1, WO-10-1, WO-100-1, WO-50-2 20 h  No damage 

WO-100-2 After 2h  Damage at crest transition 

WO-100-2 (rep.) 5h 0-7 
Turf stripped off + 7 m , 

no failure 

2-2/ 

3-1/ 

3-2 

WO-1-1, WO-10-1, WO-100-1, WO-50-2 

30h  No damage 
WO-100-2, WO-100-2 (rep.) 

3-2* WO-10-1, WO-50-1, WO-50-2, WO-100-2  18 h  No damage 

* Additional testing for transition asphalt-slope. The WO-100-2 test was only done for three hours 

 

Although the simulated wave volumes induced significant grass cover erosion, none of the covers failed. Initial damage 

to the (upper) slope was observed only for sections 1-1 (i.e. site 1, section 1) and 1-2. For section 2-1 the damage initiated at 

the transition from the asphalt road to the slope. After the initial damage occurred, the remaining wave volumes stripped of 

large parts of the densely rooted turf, as seen Figure 6.  
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Figure 6 Example of stripped-off turf over roughly 3 m at section 1-1. 

Although the areal extent of the cover damage at sections 1-1, 1-2, and 2-1 was significant, the removal of the turf did 

not initiate any further erosion of the clayey substrate with roots below. Since the exposed substrate still contained some roots, 

it is considered a part of the grass cover. As a result, neither of these sections reached cover failure. For sections 2-2, 3-1 and 

3-2 the performed tests did not initiate any damage to the grass cover. Section 3-2 was tested for an additional 18 hours to 

specifically test the strength of the asphalt-slope transition. Neither the transition nor the grass cover suffered any damage. 

The extra load from the additional testing was also included in the derivation of the Uc. 

4.3 Derivation of Uc using the observed damage and the cumulative overload method 

For each section, a Uc was derived for the damage thresholds ‘initial damage’ and ‘cover failure’ of the COM, as seen in 

Table 5. For site 1, the threshold ‘initial damage’ can be traced back to a single moment during the simulation. Therefore also 

a specific damage number and Uc can be derived. For ‘cover failure’, the damage number at the end of the simulation is used 

since failure was not observed for either of the sites. A lower bound value of Uc is given when no damage or no failure was 

observed. Deriving a damage number for ‘several open spots’ is not possible. After ‘initial damage’, the turf layer was stripped 

off over large areas as the overtopping waves volumes hit the lower side of the erosion hole. Hence, damage was not initiated 

at separate locations of the cover. The threshold ‘several open spots’ was therefore not observed and is left out in Table 5.  

    

Table 5 Uc values per section for the damage thresholds ‘initial damage’ and ‘no failure’. 

 
Site 1 Site 2 Site 3 

Section 1 Section 2 Section 1 Section 2 Section 1 Section 2 

Uc – initial damage, during 

simulation (m/s) 

D = 1000 m2/s2 

5.7 7.2 -* > 7.8 > 8.5 > 7.9 

Uc – no failure, end of 

simulation (m/s) 

D = 7000 m2/s2 

> 7.4 > 7.2 > 6.8 > 6.4 > 6.9 > 6.7 

* Damage was not initiated at the slope.  

 

Of the three damage thresholds, the COM is most accurate in predicting cover failure. Hence the lower bound Uc at the 

end of the simulation is considered normative. For sections 1-1 and 1-2, the Uc from ‘no failure’ is equal to or greater than the 

Uc from ‘initial damage’. For sections 2-2, 3-1 and 3-2 the Uc from ‘no failure’ is lower than the Uc from ‘initial damage’, 

which is due to the proportionality of D and Uc
2 (i.e. when Ui is known, a lower D gives a higher Uc) see Equation (1).  

Note that, despite 18 hours of additional testing at section 3-2, the lower bound Uc is lower than at section 3-1. This is 

explained by the lower measured front velocities and the fitted trendline for section 3-2 compared to section 3-1.  
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5 RESULTS OF THE GRASS PULLOUT TESTS  

5.1 Maximum tensile force, amplification factor and sod dimensions 

Table 6 shows the tensile forces (F2, F4 and Fi), the AF and the sod dimensions for the 2-sided tests at sites 1, 2 and 3. 

  

Table 6 Average maximum tensile forces (F2, F4, Fi in N) including variation coefficient, CV (-), amplification factors, AF 

(-) and average sod dimensions (width and thickness in cm) including variation coefficient, CV (-), for sites 1, 2 and 3. 

 
Site 1 Site 2 Site 3 

O22 J23 O22 F23 O22 N22 FM23 

Tensile force, F2 (N) – average 

(CV) 

 892 

(0.24) 

1032 

(0.17) 

 909 

(0.15) 

983  

(0.16) 
821 

(0.19) 

877 

(0.16) 

 934  

(0.14) 

Tensile force, F4 (N) – average 

(CV) 

647  

(0.12) 

682  

(0.19) 

649  

(0.15) 

587  

(0.10) 
 543 

(0.15) 

544 

(0.18) 

585  

(0.18) 

AF (-) 1.40 1.47 1.41 1.54 1.47 1.52 1.51 

Tensile force, Fi (N) – average 

(CV) 

 1253 

(0.24) 

1520 

(0.17) 

1287 

(0.15) 

1517 

(0.16) 

1209 

(0.19) 

1332 

(0.16) 

1411 

(0.14) 

Sod width (cm, n=30) – 

average (CV) 

28.0 

(0.16) 

26.1 

(0.10) 

25.8 

(0.07) 

25.4 

(0.09) 

27.0 

(0.10) 

26.1 

(0.11) 

25.8  

(0.12) 

Sod thickness (cm, n=30) – 

average (CV) 

8.7 

(0.20) 

 9.0  

(0.19) 

 8.2  

(0.17) 

9.4  

(0.19) 
9.5 

(0.21) 

10.1 

(0.15) 

9.9  

(0.22) 

 

The difference between F2 and F4 determines AF, which varies roughly between 1.40 and 1.55. A low AF (i.e. small 

difference between F2 and F4) corresponds to a relatively strong contribution of the bottom of the sod/vertical roots, whereas 

a high AF (i.e. large difference between F2 and F4) corresponds to a relatively strong contribution of the sides/horizontal roots.  

Note that the average width of the pulled sod is larger than the width of the pull frame (20 cm). The average thickness 

differs roughly between 8-10 cm.  

5.2 Critical normal stress and critical velocity 

Table 7 shows the results regarding the critical normal stresses (𝜎𝑔𝑟𝑎𝑠𝑠,𝑐) and Uc from the GPT at sites 1-3.  

 

Table 7 Average critical normal stress (𝝈𝒈𝒓𝒂𝒔𝒔,𝒄, in N/cm2) including variation coefficient, CV (-), skewness of 𝝈𝒈𝒓𝒂𝒔𝒔,𝒄 (-) 

and Uc (m/s) for sites 1, 2 and 3.  

 
Site 1 Site 2 Site 3 

O22 J23 O22 F23 O22 N22 FM23 

Critical normal stress, 𝝈𝒈𝒓𝒂𝒔𝒔,𝒄 (N/cm2) 

– average (CV) 

1.1  

(0.25) 

1.4  

(0.18) 

1.2 

(0.17) 

1.3  

(0.24) 

1.0  

(0.20) 

1.1   

(0.20) 

1.2  

(0.23) 

Skewness of 𝝈𝒈𝒓𝒂𝒔𝒔,𝒄 0.6 1.2 -0.4 -0.3 0.6 -0.1 1.3 

Uc (m/s) 6.1 7.7 7.2 6.8 6.5 6.8 6.7 

 

Note that the Uc depends on both the average 𝜎𝑔𝑟𝑎𝑠𝑠,𝑐 and the standard deviation, which together determine the 

distribution of 𝜎𝑔𝑟𝑎𝑠𝑠,𝑐. The average Fi and 𝜎𝑔𝑟𝑎𝑠𝑠,𝑐 provide a rough indication of the erosion resistance of the cover. However, 

the presence of weak spots, which increases the spread of Fi and 𝜎𝑔𝑟𝑎𝑠𝑠,𝑐, also heavily affects the Uc. This is clear when 

comparing plots 2-O22 to 2-F23. The latter has a higher average 𝜎𝑔𝑟𝑎𝑠𝑠,𝑐, but also a higher CV, which gives a lower Uc. 

The assumption of the 2.5th percentile of 𝜎𝑔𝑟𝑎𝑠𝑠,𝑐 as a measure of the weakest spot per plot is based on a normal 

distribution of 𝜎𝑔𝑟𝑎𝑠𝑠,𝑐. However, the skewness values indicate that the 30 samples of 𝜎𝑔𝑟𝑎𝑠𝑠,𝑐 are not always near 0, like for 

a normal distribution. Four test plots have a positive (right) skew, whereas two have a negative (left) skew. Only one plot (3-

N22) has a skew which is near 0. The skewness of the sample distribution may have consequences for the suitability of the 

2.5th percentile to represent the weakest spot, as further explained in the Discussion section.  

The Uc for sites 2 and 3 does not differ significantly per plot. Apart from plot 3-N22 (i.e. 8 smaller plots over 350 m of 

dike length to study spatial variation), the plots at sites 2 and 3 were not located far apart (distance ~ 10-20 m). In contrast, 

the results for plots 1-O22 and 1-J23 differ significantly, which may partly be explained by the larger distance (~ 80 m) 

between the plots.   
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6 DISCUSSION 

6.1 Correspondence of the critical velocity determined by WOS and GPT for species-rich grass covers 

For the GPT to be a viable tool for grass cover erodibility assessment, the estimated Uc needs to correspond with the Uc 

found with the WOS. Table 8 summarizes the Uc values obtained with the GPT and WOS for sites 1, 2 and 3 in Future Dikes. 

For the WOS the lower-bound value, corresponding to the damage threshold ‘no failure’, is normative.  

 

Table 8 Comparison of the Uc from the GTP and the WOS for sites 1, 2 and 3. 

 
Site 1 Site 2 Site 3 

Average 
O22 J23 O22 F23 O22 N22 FM23 

Uc – GPT (m/s) 6.1 7.7 7.2 6.8 6.5 6.8 6.7 6.8 

Uc – WOS (no failure) 

(m/s) 

Section 1 Section 2 Section 1 Section 2 Section 1 Section 2  

> 7.4 > 7.2 > 6.8 > 6.4 > 6.9 > 6.7 > 6.9 

 

The results indicate that the Uc obtained with the GPT is mostly equal to or just above the lower bound Uc determined 

with the WOS. Only for plots 1-O22 and 3-O22, the Uc with the GPT is lower than the Uc with the WOS. Since no failure 

was observed during the overtopping simulations, the real value of Uc cannot be determined. However, given the absence of 

both damage and failure after the wave overtopping test, it is likely that Uc is higher than the current values in Table 8. In that 

case, the GPT would provide a conservative estimate of the Uc for these species-rich grass covers.  

When considering only the Uc obtained with the GPT which were done at the same time and location as the WOS (i.e. 

1-J23, 2-F23 and 3-FM23), the qualitative results of both methods seem to correspond reasonably well. The estimated Uc with 

the GPT for plot 1-J23 is significantly higher than for plots 2-F23 and 3-FM23. Comparably, the lower bound Uc for site 1 

with the WOS is higher than for sites 2 and 3 due to the higher front velocities. Furthermore, the difference between the Uc 

for plots 2-F23 and 3-FM23 is small, which also applies to the lower bound Uc derived from the WOS. It is however difficult 

to draw definitive conclusions since the real value of Uc with the WOS is unknown. 

6.2 Correspondence of the critical velocity determined by WOS and GPT for conventional grass covers 

Since 2015, the GPT has been tested on conventional grass covers with both clayey and sandy substrates. Bijlard et al. 

(2017) reported a good correspondence between the Uc obtained with the GPT and WOS for grass on clay. However, during 

more recent tests, the GPT was not as reliable for grass on sand (Van Hoven, 2022). Since the dimensions of the pulled out 

sod may vary significantly, one adaptation to the GPT for the more recent tests (after 2018) was the use of the real sod 

dimensions (width x 20 x thickness cm3, see Table 6) for the derivation of 𝜎𝑔𝑟𝑎𝑠𝑠,𝑐, instead of the default dimensions (20x20x8 

cm3) used by Bijlard et al. (2017). To analyse the accuracy of the current GPT for grass on clay, the tests by Bijlard et al. 

(2017) were recalculated using the real sod dimensions. The results are included in Figure 7, which shows the Uc obtained 

with the current GPT plotted against the Uc obtained with the WOS for all sites where both methods were applied in the past. 

These include conventional grass covers on clay (9 sites) and sand (7 sites), as well as our species-rich covers (3 sites). For 

the latter, the GPTs in the winter of 2023 and the highest minimum Uc are used for the GPT and WOS results, respectively. 

For comparison, also the test results in Bijlard et al. (2017) are indicated.  

 

Figure 7 Uc obtained with the grass pullout test plotted against Uc obtained with the wave overtopping simulator. 

Despite the fact that most points in Figure 7 are distributed around the 1:1 line, a close examination of the results indicates 

significant discrepancies between the Uc obtained with the GPT and WOS. For only four out of eleven sites where ‘no failure’ 

was observed (i.e. red dots), the Uc obtained with the GPT exceeds the lower bound Uc obtained with the WOS. For five out 
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of eight sites where either ‘crest failure’ or ‘slope failure’ was observed, there is a reasonable correspondence between both 

methods. However, considering ‘slope failure’, the GPT still significantly underestimates the highest (~ 8 m/s) and 

overestimates the lowest (~ 4.5 m/s) Uc obtained with the WOS. 

Given the tests with the GPT and WOS were never done at exactly the same time and location, the results in Figure 7 

may be affected by spatial and temporal variation of grass cover strength. To mitigate the effect of spatial and temporal 

variation, the statistics based on all previous tests with the GPT and WOS for a certain cover type can be compared, as seen 

in Table 9. The median is used to measure central tendency due to the relatively small data sets and the presence of outliers. 

     

Table 9 Median ± standard deviation of the Uc (m/s) for grass on clay/sand and species-rich covers based on the 

current GPT and WOS. The number of available sites (n) per method is given between brackets.  

 Grass on clay Grass on sand Species-rich 

Grass pullout test (GPT) 7.1 ± 0.9 (n=17) 5.9 ± 0.6 (n=14) 6.7 ± 0.9 (n = 20) 

Wave overtopping simulator (WOS 8.0 ± 1.3 (n=13) 6.1 ± 1.2 (n = 10) > 6.9 ± 0.3 (n = 3) 

   

For grass on clay as well as grass on sand, the median and standard deviation of the Uc obtained with the GPT are lower 

than the median and standard deviation obtained with the WOS. For species-rich, the median Uc obtained with the GPT is 

lower than the (lower bound) median Uc obtained with the WOS, whereas the standard deviation is higher. However, the 

statistics obtained with the WOS are based on only three site so may not be true for the entire population.  

6.3 Reconsideration of design choices and suggestions for future adaptations to the GPT 

From the comparison of the Uc obtained with the GPT and WOS, the GPT seems to give a lower estimate of the Uc than 

the WOS. To improve the correspondence between GPT and WOS in future work, this section outlines several possible causes 

for the discrepancy between both methods and ways to improve the GPT.  

Using the current GPT, it is assumed that the 30 samples of 𝜎𝑔𝑟𝑎𝑠𝑠,𝑐 are sampled from a normal distribution, of which 

the 2.5th percentile represents the weakest spot. This 2.5th percentile is then implemented for 𝜎𝑔𝑟𝑎𝑠𝑠,𝑐(0) in Equation (5) to 

estimate Uc. Using this assumption, Bijlard et al. (2017) reported a good correspondence between the Uc obtained with the 

GPT and WOS. To test the applicability of the 2.5th percentile for skewed (i.e. non-normal) distributions, Figure 8 shows a 

synthetic ‘grass pull test’ through the use of random fields (Fenton, 2014). For every instance (B-D), 30 samples (orange) are 

taken from a spatially varying field of 𝜎𝑔𝑟𝑎𝑠𝑠,𝑐, within a rectangular test plot of 10 by 15 m2 (example in A). The values for 

constructing the random fields are sampled from the (lognormal) distribution of all individual 𝜎𝑔𝑟𝑎𝑠𝑠,𝑐 values obtained in 

Future Dikes (n=20*30=600, mean = 1.0 N/cm2, standard deviation = 0.3 N/cm2, skewness = 0.5). The correlation length of 

the fields is set at roughly 3 m. This is rather arbitrary but sufficient for the purpose of visualization. Figure 8B shows an 

example of a field and sample distribution which are both positively skewed. Although the distributions in Figure 8B cannot 

be characterized as a normal distribution, which would require a skew of near 0, the 2.5th percentile roughly corresponds to 

the minimum field value. This indicates that the 2.5th percentile of a fitted normal distribution through the sample data may 

be representative for the weakest spot in the test plot over a wider range of skewness values. 

 

Figure 8 (A) Example of a synthetic test plot for the GPT. Sample locations of the GPT given in orange. (B) Field (skew = 

0.52) and sample (skew = 0.26) histogram with a moderate positive skew. (C) Field (skew = 1.13) and sample (skew = 1.73) 

histogram with a strong positive skew. (D) Field (skew = -0.20) and sample (skew = -0.38) histogram with a negative skew. 
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However, the suitability of the 2.5th percentile of a normal distribution as a measure for the weakest spot seems to have 

limits. Figure 8C shows an example of a field and sample distribution which both have a strong positive skewness. In this 

case, the 2.5th percentile significantly underestimates the minimum field value. Figure 8D shows an example of a negatively 

skewed field and sample distribution, of which the 2.5th percentile overestimates the minimum field value. These examples 

indicate that the shape of the field and sample distribution may have an influence on the correspondence between the 2.5th 

percentile of the fitted normal distribution and the minimum field value. In future work, a more elaborate ensemble analysis 

using a large number of these random fields may reveal whether these observations are generally applicable. Subsequently, 

alternative design values or theoretical sample distributions may be used to improve the accuracy of the GPT for various (non-

normal) distribution shapes. 

Given the good correspondence between the GPT and WOS for the tests in Bijlard et al. (2017), the adoption of the real 

sod dimensions instead of the default dimensions to derive 𝜎𝑔𝑟𝑎𝑠𝑠,𝑐 may be reconsidered. Besides the comparison between the 

Uc obtained with the GPT and WOS, 𝜎𝑔𝑟𝑎𝑠𝑠,𝑐 itself may be validated by comparative testing with other types of grass pullout 

tests. For instance, a device developed for the EcoDike project in Germany measures the maximum tensile force of an intact 

grass sod and 𝜎𝑔𝑟𝑎𝑠𝑠,𝑐 by anchoring a gypsum block to the above-ground parts of the vegetation (Michalzik et al., 2018, 2019).  

Alternatively, to remove the uncertainty from measuring the sod dimensions to derive 𝜎𝑔𝑟𝑎𝑠𝑠,𝑐, it may be desirable to 

exclude 𝜎𝑔𝑟𝑎𝑠𝑠,𝑐 from the method entirely. This may be achieved by implementing the maximum tensile strength of an intact 

sod directly into the vertical force balance used in Hoffmans (2012). At the moment of failure of the grass sod during a GPT, 

the force balance looks as follows: 

𝐹𝑢𝑝𝑤𝑎𝑟𝑑,𝑖𝑛𝑡𝑎𝑐𝑡 𝑠𝑜𝑑 ≥ 4𝐹𝑠ℎ𝑒𝑎𝑟,𝑠𝑖𝑑𝑒 + 𝐹𝑡𝑒𝑛𝑠𝑖𝑙𝑒,𝑏𝑜𝑡𝑡𝑜𝑚+ 𝐹𝑤𝑒𝑖𝑔ℎ𝑡 (6) 

wherein the upward pull force exceeds the combination of shear forces from the four sides, the tensile force at the bottom 

and the own weight of the sod. The force balance can be translated to a stress balance by dividing the upward force by the 

area of the pull frame (𝐴𝑓, 20 x 20 cm2), the normal downward forces by the area of the bottom of the sod (𝐴𝑏) and the shear 

force by the area of the sides (𝐴𝑠): 

𝐹𝑢𝑝𝑤𝑎𝑟𝑑,𝑖𝑛𝑡𝑎𝑐𝑡 𝑠𝑜𝑑  

𝐴𝑓

≥
(𝐹𝑤𝑒𝑖𝑔ℎ𝑡 + 𝐹𝑡𝑒𝑛𝑠𝑖𝑙𝑒,𝑏𝑜𝑡𝑡𝑜𝑚) 

𝐴𝑏

+
4𝐹𝑠ℎ𝑒𝑎𝑟,𝑠𝑖𝑑𝑒

𝐴𝑠

 (7) 

obtaining: 

𝜎𝑢𝑝𝑤𝑎𝑟𝑑 ≥ 𝜎𝑏𝑜𝑡𝑡𝑜𝑚 + 4𝜎𝑠𝑖𝑑𝑒  (8) 

The strength term on the right in Equation (8) represents the 𝜎𝑔𝑟𝑎𝑠𝑠,𝑐 parameter which is used to determine Uc. However, 

since Equation (8) considers an equilibrium situation, the load term on the left may also be used to determine Uc. Using the 

shear stress balance (𝜏0 > 𝜏𝑐 with 𝜏𝑐 = 𝜓𝑐𝜎𝑢𝑝𝑤𝑎𝑟𝑑) in Hoffmans (2012), gives the following alternative formula for Uc: 

𝑈𝑐 = 𝛼0𝑟0
−1√

𝜓𝑐(𝜎𝑢𝑝𝑤𝑎𝑟𝑑 − 𝑝𝑤)

𝜌𝑤

 (9) 

where 𝛼0 (-) is a factor with value 1.2, 𝜎𝑢𝑝𝑤𝑎𝑟𝑑 is equal to 𝐹𝑖/(20𝑥20) (N/cm2), and all other parameters as defined 

before, see Equation (5). By using Equation (9) instead of (5), the interpretability of the GPT may be improved since Uc is 

only dependent on the maximum tensile force.  

To test and validate (combinations of) these (and other) future adaptations to the GPT, it is important to include all 

historical tests for different types of vegetation and substrate. This way, a generally applicable method may be obtained that 

reliably estimates the Uc for species-rich as well as conventional grass covers.  

Finally, future studies may focus on the more accurate determination of the relative turbulence intensity (𝑟0), the sampling 

strategy within the test plot, the degree of spatial correlation between the samples and the consequences for the observed 

sample distribution, as well as correlations of the tensile strength with soil and vegetation characteristics. 

7 CONCLUSIONS 

The aim of this paper was to assess the suitability of the grass pullout test (GPT) for quantitative erodibility assessment 

of grassed dike covers. For three species-rich dikes in the Netherlands, comparative tests with the GPT and wave overtopping 

simulator (WOS) were performed to assess the correspondence between the critical velocity (Uc) as derived with both 

methods.   

The grass covers tested with the WOS did not fail, so only a lower bound of the Uc could be derived. The Uc obtained 

with the GPT is around the lower bound values derived with the WOS, which indicates that the estimates of the GPT are 

conservative. A similar conclusion can be drawn based on the comparison between the GPT and WOS on conventional grass 

covers with clayey and sandy substrates.  
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Hence, it can be concluded that the GPT is not yet fully suitable for accurate quantitative assessment of grass cover 

erodibility. Adaptations to the method are desired to improve the correspondence between the Uc derived with the GPT and 

the WOS. To obtain a generally applicable method, future adaptions should be tested and validated for conventional as well 

as species-rich grass covers with different substrates.  
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