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Abstract: The force required to drag a stone anchor over several types of surfaces was measured,
recorded, and analyzed. It was found that the force involved in the movement of the anchor over
the various surfaces cannot be described just by the sliding solids theory, but it involves several
additional physical processes, such as increasing the sand shear strength by the pressure the anchor
applies on the sand under it; the sinking of the anchor into the saturated sand; shearing the sand
in front of the moving anchor and accelerating it to the velocity of the anchor; accumulating sand
in front of the anchor, thus adding to the pulled mass; and moving some of the accumulated sand
sideways. In many instances, the beginning of the anchor movement involves the liquefaction of the
sand under it, thus enabling the relatively easier sliding of the anchor. In addition, movement over
rocky surfaces, encountering the irregularities that abound on such surfaces, also differs from classic
sliding friction theory. In several situations, the use of an effective coefficient of friction, combining
all the processes, can serve to obtain approximate values of the required forces.

Keywords: friction; coefficient of friction; dragging on sand; liquefaction; sand shear strength;

stone anchor

1. Introduction

Stone weight-anchors were in widespread use during the Bronze Age (ca. 3500-1150 BCE)
and Iron Age (ca. 1200-500 BCE), all around the eastern Mediterranean [1-3]). The locations
where they were found mark anchorages and wreck-sites along the ancient maritime trade
routes. Occasionally, they were also used on land for secondary uses [1,2,4] Many such
anchors have been found, recorded, and cataloged [5,6], primarily to try and relate them
to specific cultures and locations by typological analysis [7-9]. However, very little was
recorded on their technological aspects. The late Professor Kahanov raised the question:
‘What is the holding power of a Bronze Age stone anchor?’ His question was partly
answered by the work carried out by [10], who performed an extensive test series of
measuring the force required to drag anchors of various sizes over a sandy or rocky
sea bottom. The results enabled the estimation of the sizes of the ships that plied the
Mediterranean during the Bronze and Iron Ages using these anchors. The present article
is based on the results of that project, and deals with the various shapes (but not of the
amplitudes) of the measured force history plots and with the analyses of the physical
processes at the root of these shapes.

2. Methods
2.1. General
In this research, three anchor models of different sizes were dragged over various

surfaces on the beach and on the sea bottom, continuously measuring and recording the
pulling force. An effort was also made to film the moving anchor models underwater.
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However, some of these videos were of poor quality, because the visibility was significantly
reduced by clouds of suspended sand particles caused by anchor movement.

2.2. The Anchor Models

In 1982, a sponge diver at Uluburun, near Kas, on the Turkish southern coast, dis-
covered a shipwreck on the rocky underwater slope. The shipwreck was excavated for
over ten years by teams of archaeologists, primarily from Texas A&M University, led by
Professor [11,12]. It was found that the ship carried a diverse load, including a cluster of
22 stone anchors with masses between 97 and 201 kg and 2 smaller anchors. It was dated
by the cargo it carried to the end of the 14th century BCE.

Three anchor models were manufactured based on geometrical similitude to one
of the Uluburun anchors (No. KW4589). The model anchors were made from slabs of
quartz sandstone, a beach rock found along the Carmel coast in Israel, locally called kurkar,
similar to that of the Uluburun anchors [13]. The mass density of samples of this rock
was measured and found to be around 1720 kg/ m? [10] The slabs were purchased from
an authorized merchant, and hand-chiseled by A. Miller and colleagues, to create small,
medium, and large anchors (Figures 1 and 2).

Figure 1. A. Miller hand-chiseling the large anchor (photo: M. Bram).

Figure 2. The anchor models (photo—N. Lavi).
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The anchor weight in water is given by the following expression:
Wzm*g*( Pw) (1)
Ps

where:
W—weight in water [N];
m—mass [kg];
g—gravitational constant (g = 9.81 m/s?);
pw—mass density of water (~1040 kg/m?);
ps—mass density of the stone (1720 kg/m?3).
As can be seen in Table 1, due to the buoyancy, the weight of the anchors under water
is only about 40% of their weight in air. Therefore, what seems to be a very heavy anchor
when handled on land, becomes only moderately heavy under water. This could have

been a reason for the need for heavy and very heavy (in air) anchors for the Bronze Age
ships [10].

Table 1. The main dimensions of the anchor models.

Anchor Linear Height Width Thickness  Mass Weight [N] Weight [N]
Model Scale Factor [em] [em] [em] [kgl In Air In Water
LIE‘J\?E;Q“ 11 83 63 23 171 1677 663
Small 1:1.75 43 33 ~12 B2 314 124
Medium 1:1.33 54 42 ~15.2 73 716 283
Large 1:1.11 69 52 ~19.1 124 1216 481

2.3. Test Set-Up

The tests were conducted on a beach in Akko (Israel). They were instrumented with
a load cell (Type 615 steel, capacity 500 kgf, made by Tedea-Huntleigh Electronics Co.
Ltd., Cardiff, UK) measuring the force (in kg force—kgf) required to drag the anchor.
The force was recorded at a rate of 2000 readings per second. The load cell and its electronic
system were connected to the dragging winch via a pulley to keep the electronics dry
(Figures 3 and 4). The recorded force had to be multiplied by 2 to obtain the actual force,
because of the pulley in the system.

Winch

Anchor (O Q:‘é ) ) @
—/ Pulley E—l

Force meter
(Load cell)

Figure 3. The setup for force measuring (drawing by A. Miller).

The recorded data included the timing of each data point (date, hour, minute, second,
thousandth of a second), and the force measured at that point in time, in kilogram-force
(1 kgf = 9.81 N). Because the force was measured and recorded in kgf, all the following data
reduction was performed using this unit, but the final results were converted to the MKS
unit system.

In addition to the force measurement, there was a setup for underwater video record-
ing of the movement of the anchor. This included three cameras and a set of ‘chess-board’
markers to enable the observation of the anchor movement in the three axes. The pho-
tographic setup enabled calibration and automatic tracking of the motion. In addition,
a strobe light was used to synchronize the video recording with the force measurement
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recording (Figure 4). A special-purpose automatic photo-digitizing and processing software
package based on Matlab® (Version 2016A) was designed and implemented by B.E. Karlin.
The processed trajectory data show a rather constant and consistent speed beyond the
initial acceleration stage.

A\

Cameras

Figure 4. The test set-up in Akko (photo: R. Levinson).

The winch characteristics were such that it pulled the anchor at an almost constant
rate of 56 £ 2 mm/s with variable force, i.e., it exerted more or less force as required, to
keep the anchor moving at that steady pace. The anchors were pulled for about 2040s,
thus moving about 1-2 m.

The surfaces over which the anchors were pulled were practically flat and level, with
less than 2° slope. The damp sand was the regular beach sand, totally drained after being
washed by the waves. The dry sand was fine, sun-scorched, totally dry, and free-flowing.
We assume that as long as the ratio of sand particle to the size of the specimen being dragged
is in the 1/200 to 1/1000 range, with similar consistency of the particles, results of similar
tests will have characteristics similar to those reported here. On dragging anchors over
surfaces with different particle size range and consistency, additional physical processes
may contribute to the measured force and somewhat alter its characteristics. The same
reasoning applies to the sea bottom over which the anchors were pulled, which is practically
level, with shallow undulations due to wave action and local currents.

A total of 84 dragging tests were carried out, 73 of them yielding useful data (Table 2).
The tows were on different paths.

The last series of drags, dragging in an initial 30° upward direction, was run for
preliminary assessment of the initial rotational behavior of the anchors. This series is
discussed in [10] and is not relevant to this article. Excluding this series, there were
77 drags of the three anchors on four types of surface: dry sand, damp sand, sandy bottom,
and rocky bottom, with an emphasis on the underwater surfaces. At a later stage, 10 more
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long drags were added to estimate the range at which sand accumulation in front of the
anchor reached a steady state (see Section 4.5).

Table 2. Summary of the drags performed.

Serial Type of Anchor No. of Drags
Number Surface Mass [kgl Drags With Data
1 Dry sand 32 3 3
2 Dry sand 73 3 3
3 Dry sand 124 3 3
4 Damp sand 32 3 3
5 Damp sand 73 3 2
6 Damp sand 124 3 3
7 Sandy bottom 32 11 4
8 Sandy bottom 73 12+5* 17
9 Sandy bottom 124 9+5* 12
10 Rocky bottom 32 9 8
11 Rocky bottom 73 8 8
12 Dragging at 30° 73 7 7

* A total of 5 additional long drags, carried out (see Section 4.5).

Dragging the anchor models on each of the surfaces demonstrated different attributes
of the force signal, indicating that a range of physical processes are at work, as shown and
discussed below.

3. Results
3.1. The Recorded Force Signal

The load-cell that measures the force in the system actually measures the tension in the
rope pulling the anchor. This means that the force record shows the initial tension build-up
in the rope with all its components (the rope tied to the anchor, the pulley, the rope that
goes around the pulley, one of its ends locked, and the other connected to the load cell)
and the force exerted by the moving anchor on the rope. Figure 5 shows a typical signal,
recorded while dragging the heavy anchor on damp sand on the beach. Various attributes
of the force history are marked.

Load [kg]

40

20

Time [sec]

Figure 5. The attributes of the force signal of dragging the heavy anchor model on damp sand (on the
beach). A—the beginning of the drag, beginning of stretching the rope. From A to B—stretching the
rope with the tension rising in it. B—the beginning of the anchor movement. C—the end of the drag
(the end of the anchor movement), partial release of the tension in the rope. D—the average force
of dragging the anchor. From C to D—an almost constant force, indicating an almost steady state
during the dragging.
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The oscillations visible on the signal top, with about 0.3 Hertz frequency, are due to
the string-like oscillations of the cable pulling the anchor.

As can be seen, the top of the signal (the B-to-C steady-state region) is rather smooth,
and the average value of the force is a rather good representation of the force acting on the
anchor throughout this drag. As shown later, the shapes of most of the signals recorded in
this study are different from the shape of this particular force signal.

3.2. The Force-Type Groups

The recorded signals can be divided into six groups, each having a typical shape of the
force record (Figure 6). These shapes (and not the force levels) attest to different physical
processes involved in the anchor dragging.
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Figure 6. Representative types of force signals. Type (A)—flat top, indicating a constant dragging force
with no disturbances (73 kg anchor on damp sand). Type (B)—relatively flat top with low-frequency
disturbances (32 kg anchor on dry sand). Type (C)—a flat-top with high-frequency disturbances
(73 kg anchor on sandy bottom). Type (D)—high initial peak followed by a significantly lower flat
top (73 kg anchor on sandy bottom). Type (E)—initial relatively low force value, followed by an
increasing ramp, either smooth or with high frequency, modulated with high-amplitude disturbances
(124 kg anchor on sandy bottom). Type (F)—a seemingly flat top with high-frequency disturbances
and with random, high-amplitude peaks (32 kg anchor on rocky bottom).
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3.3. Type A

The flat top indicates a constant force dragging the anchor; therefore, it is very tempting
to say that it is similar to the accepted notion of sliding friction. However, this tells only
part of the story. The other part is told by the photographs of the event (Figure 7).

(A) (B)

Figure 7. Dragging the heavy anchor on damp sand. (A)—the sand accumulating in front of the
anchor. (B)—the furrow plowed by the anchor in the top layer of the sand and the sand pushed from
the front to both sides (photos: A. Yurman).

Figure 7A shows that sand was sheared off the top sand layer by the front of the moving
anchor and accumulated at its moving front. Figure 7B reveals that the accumulated sand
at the front was pushed sideways as the anchor moved forward. Hence, it seems that at
least part of the measured force was actually the force required to shear off the top sand
layer, for accelerating it to the anchor velocity and for pushing it sideways. Another part
was the force required to smooth out the bottom of the furrow.

The top of the signal was flat because the surface on which the anchor was dragged
was flat, in the first place. Had it been undulating, the shearing force would not have been
constant and the force signal would have been undulating accordingly.

3.4. Type B

This is the realization of the process previously described, where the anchor was
dragged on a non-flat surface of the dry sand on the beach. The amount of accumulated
sand in front of the anchor varies, and so does the force required to drag the anchor and
the varying amount of sand.

Since the signal is of the light model being dragged, the force amplitude is relatively
low; however, the noise level is of roughly the same amplitude as in the previous signal,
hence the signal only seems to have a more significant noise level.

3.5. Type C

This is the equivalent of Type A or B, only over a sandy surface under water. The rel-
atively large amplitude of the high-frequency vibrations is typical to all the underwater
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drags, and is probably the result of the front of the anchor pushing forward small quan-
tities of saturated sand that easily flow sideways. The variation in the frequency and the
amplitude could be the result of local variations in the flow properties of the sand (i.e., its
consistency) and of the uneven surface over which the anchor moved.

3.6. Type D

This is an example of the liquefaction phenomenon [14,15]. The pressure of the anchor
on the sand below it squeezed some of the water out of it, thus, creating a multitude of sand
particle bridges and simultaneously water bridges by capillary attraction, strong and stable
enough not only to support the anchor, but also to give the sand a significant shear strength.
Pulling the anchor applied shear stress to these bridges, stronger than their shear strength,
shattering the whole structure of the bridges. The previously expelled water seeped back
in and the sand lost its supporting capabilities. However, instead of sinking further into
the sand the anchor was pulled forward, shearing the sand in front of it and pushing it
forward and sideways, as described above.

3.7. Type E

The anchor sank rather deeply into the sand so that the accumulating sand at its front
added a significant mass to be pulled, in addition to the anchor itself. The increasing force
indicates an increase in practically all the components of the force as the anchor was being
pulled forward.

However, the sand cannot accumulate indefinitely. Apparently, the drags reported so
far did not reach a steady state, where the amount of accumulated sand per unit time is
equal to the amount pushed sideways, and the force graph becomes relatively flat.

This type of behavior was observed only with the 73 kg anchor (2 of 12 drags) and
with the 124 kg anchor (all 9 drags). None was observed with the 32 kg anchor.

Assuming that the above proportions are representatives of the probability of the
population of stone anchors to accumulate sand up front, this yields the graphs in Figure 8.

1.2

1

0.8

Probability 06
0.4

0.2

0

The probabilty of accumulating sand
as a function of the Anchor Mass

The probability of accumulating sand as a
function of the Anchor Wet Weight
12

Py 1.0

4 Measured Dat. Probability 06

0.8
B Measured Data

0.4

0.2

0 20

+- 0.0
40 60 80 100 120 140 160 0 100 200 300 400 500 600 700 800
Anchor Mass [kg] Anchor Wet Weight [N]

Figure 8. The probability of accumulating sand as a function of the anchor size.

Of course, for different sites with different types of sand, the results of such drags can
be somewhat different and so will be the following plots.
The line fitted to the data is of the type:

P=1/(1+A x exp(—(W — B)/Q)).
where:

P is the probability;
W is the mass or weight of the anchor (in air or in water);
A, B, C—constants.

It is suggested that the crew of a ship preferred an anchor that produced the maximum
holding power at minimum weight, so they probably preferred anchors that accumulate as
much sand as possible, i.e., anchors of above 100 kg mass.
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To try and observe the transition to the assumed ‘steady state’, we carried out two sets
of ‘long’ drags, each set of five drags, with the 73 and 124 kg anchors. In these drags, the
anchors travelled 6 to 8 m, which allowed them to reach the assumed steady state.

As can be seen in Figure 9, the initial dragging force was around 44 kgf, rising to
a steady state of around 57 kgf, with large fluctuations at three frequencies. The lower
frequency is probably due to the wavy sand surface, the medium frequency is probably
due to the rope vibrations, and the highest frequency is probably due to variations in the
sand flow properties. Therefore, it seems that the ‘steady state’ is not so steady.

80.0

70.0

60.0

50.0

Force 40.0

[kel 30.0

20.0 ’I

10.0 J

0.0
0

-10.0

50 100 150 200

Time [sec]

Figure 9. A long drag of the 124 kg anchor.

The initial dragging force of around 44 kgf was the average for all the drags of the
124 kg anchor, which weighed 51.9 kgf underwater (see Table 3). That is, a force of 44 kgf
was required to drag the 51.9 kgf anchor, therefore, 57 kgf force (the average force at the
top of the ramp) could drag about 67 kgf, i.e., about 15 kgf of added sand burden, or about
30% additional weight.

Table 3. Effective coefficient of friction for the initial movement of the anchor.

Surface Anchor Average Dragging Effective Coefficient Average per
Weight [N] Force [N] of Friction Surface Type
Dry sand 314 218 0.69
Dry sand 716 483 0.67 0.65 £ 0.06
Dry sand 1216 783 0.64
Damp sand 314 205 0.65
Damp sand 716 499 0.70 0.68 = 0.03
Damp sand 1216 856 0.70
Sandy bottom 131 114 0.87
Sandy bottom 299 273 0.91 0.86 = 0.08
Sandy bottom 509 404 0.79
Rocky bottom 131 133 1.01
Rocky bottom 299 361 1.20 1114009

The weight of the anchors underwater is reduced (relative to in air) due to the buoyancy. The forces measured in

the tests were in kgf and are translated here to Newtons.

3.8. Type F

This type of force record is typical to the measured force of the drags over the rocky
surface. Such a rocky underwater surface is never really smooth. It always has crevices and
protrusions, either on a single rock surface or on a cluster of rocks. In fact, the movement
of an anchor over a rocky surface is quite similar to running an obstacle course. This is
demonstrated in Figure 10, with the 32 kg anchor being dragged over what is considered a
smooth rock surface.
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Side Camera Rear Camera

Figure 10. The 32 kg anchor encountering a small protrusion on the surface of the rock, producing a
spike in the force record (the time runs from the top down). (Photos: B. E. Karlin).

Given the winch specifications (Section 3 above), such an occurrence obviously causes
a spike in the force graph. Since the distribution of such disturbances along the anchor’s
trajectory is random, so is the occurrence of these spikes in the force record.

4. The Physical Processes Involved
4.1. Anchor Sinking in the Sand

When an anchor of a given weight and a given face area is laid on the sand surface,
below it is a mixture of sand and air, or sand and water (under water), or a mixture of
all three (on the beach). The weight of the anchor causes it to sink into the surface, thus,
compressing the mixture under it. The sinking depth depends on the compression load
imparted by the anchor, on the condition of the sand (saturated, wet, dry), on its ability
to flow, and on its ability to form mini-bridges capable of supporting a load, i.e., on the
consistency and average shape of the sand particles.

Therefore, the anchor sinks to a depth at which it is supported by the microstructure
of the sand, created by the loading and the drainage of part of the flowing phases (water,
air) from among the solid components, creating a structure, sufficiently strong to support
the external load.

4.2. Sand Shear Strength

The microstructure created by the compressive load has some shear strength. When
the anchor is pulled by the rope, it creates a shear stress on the surface between the anchor
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bottom and the top layer of the sand. When the pull is sufficiently strong and exceeds this
shear strength, the anchor begins to move. The beginning of the anchor movement breaks
the sand microstructure that supported it, the water takes over, and the saturated sand
returns to its flowing condition.

The force required to begin the movement is, therefore:

Fihear = TinterfaceAanchor 2)
where:

Fspear [N] is the force required to shear the interface at the locations supporting the anchor,
to allow the anchor to move;
Tinterface [Pa] (=[N/ m?]) is the shear strength of the interface.

4.3. Shearing the Sand by the Anchor

It is assumed here that the process is at a steady state.

Once the anchor begins to move, it has to shear off the sand at its front. This sand
was not compressed by the sinking, so that its shear strength is lower than that of the
anchor—sand interface. In the tests, the pull was at a constant velocity of ~56 mm/s so that
a sand mass was continuously added to the anchor, at a rate of about:

dmadded/dt = psLI’ZV 3)
where:

ps [kg/m?3] is the mass—density of the sand at that particular location with the other phases
included;

L [m] is the length of the anchor front;

h [m] is the depth to which the anchor sank;

V [m/s] is the pulling velocity (in our case: 0.056 m/s).

4.4. Sheared Sand Acceleration

Once this mass is sheared off, it is accelerated to the velocity of the anchor by a process
of compression and release. As yet, there is no physical estimate regarding the acceleration
time, but we know it is different at different conditions and mixtures of the sand. The
forward acceleration of the sand requires a certain force Fiyarq, which is constant at a
steady state.

4.5. Accumulating Sand in Front

The pull velocity is constant and mass is continuously added in front of the anchor.
This cannot continue endlessly, as the accumulated mass at the anchor front cannot increase
beyond a certain limit. This limit is not known; however, at a steady state, the rate at which
mass is added to the anchor front equals the rate at which mass is pushed to the sides of
the anchor, to create a furrow. This pushing of the sand sideways requires additional force
Fsigeways, also of unknown magnitude.

4.6. Effective Coefficient of Friction

As the anchor begins to move, it slides over the area that was sheared off during
the previous stages of movement. Since this sliding is of a solid anchor over a somewhat
compacted and practically level surface, it can be assumed that the force required for this
sliding can be estimated by using the classical friction relation:

F friction = HWanchor 4)
where:

u [-] is the coefficient of friction;
Wanchor [IN] is the weight of the anchor, in air or water (as given by (Equation (1))) acting in
a direction normal to the interface.
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Therefore, the force required to drag the anchor over the sand surface is the sum of all
the above partial forces. Until further work is performed to evaluate each of these forces, it
is possible to use an effective coefficient of friction, either for those cases where the force
plot is relatively flat, or to estimate only the coefficient of friction at the beginning of the
anchor movement, realizing that it is not applicable to the other phases of the drag (Table 3).

5. Discussion
5.1. Friction

It is evident that dragging a stone anchor on sand or natural rock surface is totally
different from the classical rigid, relatively smooth bodies sliding over each other. It in-
volves different physical processes. It is not only a surface phenomenon, since bulk material
properties come into play in the interaction between the anchor and the surface it is being
dragged over.

However, although the conventional coefficient of friction is not applicable here, there
are several situations where the dragging force is practically constant (a combination of
shear force and sand moving), for which an effective coefficient of friction can be used.
In these cases, it has to be noted that the value of this coefficient cannot be used for other
cases and applications.

In a simplistic way of describing the process until a steady state is reached, it can be
assumed that an effective coefficient of friction p* is at work, so that the frictional force can
be written as: . .

Ffriction = W Fuormar = 1 Wanchor (5)
where:

Fpriction is the frictional force required to move the anchor over the flat sand surface;

Wonchor 1s the weight of the anchor in air or water (depending on where it is during the
drag). This weight includes the weight of the sand accumulating at the front of the anchor.

The value of the effective coefficient of friction depends on the weight of the anchor,
as explained in Section 4, above. This can be written as:

FL* = U*(Wanchor) (6)

Therefore, the variation of the frictional force (as seen in the force plot) is:

deriction du* « AW gpchor

dat = Wanchor g1~ +H T 7)
The derivative of p* is (by the chain rule):

LH* _ dy’ AW anchor (8)
dt dwunchor dt

Hence, expression (7) obtains the form:

deriction _ du* AW anchor H* AW anchor 9)
dt anchor g . dt dt
dy’ +\ AW anchor
= (W 1
< anchor AW anchor H ) dt (10

Obviously, the weight of the anchor itself does not vary with the drag, but the dragged
mass does change with the accumulation of sand at its front, and occasionally also on top
of the anchor itself. This is partly given by expression (3) above.

dF fricti *
friction __ du *\ gxdMagded
aF (Wanchor AW snchor +u ) ar (11)

= (Wanchor% + H*>8P5th
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The problem here is that expression (6) is still an unknown.

As already mentioned, it is sometimes possible to use the ‘effective coefficient of friction
to estimate the holding power of a given anchor. A list of these coefficients, as measured
in this research is given in Table 3, above. According to the data in Table 3, the coefficient
of friction of the stone anchor over a rocky surface is about 30% higher than over sandy
bottom. This means that if an anchor of 100 kg mass is sufficient to hold a certain ship in
place over a sandy bottom, then over a rocky surface, a 70 kg anchor may suffice, and this
means easier handling of the anchor on board the ship and reduced risk to the crew.

7

5.2. Anchor Sinking

A parameter, only mentioned above, is how deeply the anchor sinks into the sand.
It appears that the longer the anchor stays in place, the deeper it sinks, and, hence, the
thicker the sand layer pushed forward, the sand accumulation at the anchor’s front, and
consequently the shape of the force record.

The longer the stay, the more water is squeezed out and drained from below the anchor,
the more compressed the sand becomes, meaning that more sand bridges and capillary bridges
are formed, so that the sand shear strength increases, probably in asymptotic convergence to
a steady state. As described above, this has implications on the force required to move the
anchor from its location. Under specific sets of conditions, this may result in the liquefaction
of the sand under the anchor and the sudden reduction in its shear strength.

5.3. Vertical Movement of the Anchor

So far, it has been assumed that all the movements of the anchor are in the horizontal
plane, but this is not always the case. It happens occasionally that the front of the anchor
climbs over the accumulated sand at its front. At a certain point of the dragging, the center
of gravity of the anchor goes ahead of the sand ‘hill’, so that its front drops and digs into
the sand further in front, thus, beginning a sequence of vertical oscillations.

A similar effect can be the result of the string-like vibrations of the tight pulling rope,
particularly with light anchors, where the mass of the length of the rope is similar to or
higher than that of the anchor itself. In such a case, although the rope does not add to the
force required to move the anchor (it floats and has a negligible drag), the rope vibrations
might cause the light anchor to hop over considerable stretches of ground, when the anchor
holding power diminishes to zero.

Another cause of vertical movement can be that the dragging vector may be oblique
with an oscillatory mechanism caused by wave action and/or the ship’s movement. Hence
there are several possible causes of vertical movement of an anchor, but this is out of the
scope of this article.

5.4. Variability

In this work, over 70 force records with different attributes were produced, and related
to various physical processes. The underwater drags on sandy seafloor were carried out in
the same location, having similar sea and wave conditions. The drags over rocks were also
carried out over a rock surface at a different site on different paths. It must be kept in mind
that at different locations, with different types of sand, different rocks, and with different
currents and wave conditions, the force records may change, resulting in different shapes
of force records and different interpretations.

The variations in these conditions are particularly pronounced in shallow water. Stone
anchors were used primarily during the Bronze and Iron Ages, when shipping was essentially
coastal, in relatively shallow water, and, thus, prone to the above-mentioned variations.

Captains, then like now, were primarily concerned with the safety of their vessels and
crews, hence, they always took precautions, which, based on the above, means the use of
heavy anchors. However, manual handling of the heavy anchors posed a risk both to the
ship and to the crew [10], so that the captains had to choose their preferences, an incentive
to develop more effective anchors.
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5.5. Actual Anchor Dragging

It is important to note that the tests reported here simulate actual dragging of the
anchor only when the ship itself is securely tied and cannot move. When the ship is loose,
pulling the anchor rope moves both anchor and ship. They become closer to each other,
until the pulling point on the ship is situated right over the anchor. This process happens
no matter what level of force is required to drag the anchor (when the ship is tied). When
the pulling point on the ship is altered, this can be used to direct the ship to point to the
desired direction, together with having the anchor right under the crane, derrick, or any
other means for hoisting the anchor on board.

When the anchor is locked on the bottom, among rocks or due to any other cause,
pulling the anchor rope moves only the ship until it is situated right over the anchor (or
any other locked point along the rope). If the anchor cannot be set free, the rope has to be
cut to enable the ship to sail away. Similarly, if the crew cannot manage to raise a heavy
anchor, the rope has to be cut and the ship set loose. The anchor remains on the bottom
and the ship has to use another anchor, kept on board in reserve.

When the anchor is dropped, the length of the rope has to be significantly longer than
the actual depth, to allow for horizontal and vertical movements of the ship, due to currents
and waves motions. Therefore, the process described above is repeated on each entering
and leaving an anchorage.

It is interesting to note that similar processes and results are encountered on erecting
the mooring for floating offshore wind turbines, using modern shape anchors [16].

6. Summary and Conclusions

Extensive research was carried out regarding the holding power of Mediterranean
stone anchors during the Bronze and Iron Ages. Anchor models of three sizes were
produced and dragged over dry and damp sand on the beach, on a sandy sea bottom, and
a rocky surface under water. All these drags included measuring and recording of the force
required to drag the anchors.

The force records have common attributes, but can also be divided into several groups,
each group having common additional attributes that can be related to the physical pro-
cesses involved in the drags of that group. On a sand surface, these processes include the
increase in the sand shear strength due to the pressure imposed by the anchor, shearing the
sand in front of the anchor, accelerating it to the anchor velocity, adding the mass of the
accumulated sand to that of the moving anchor, and pushing part of the accumulated sand
sideways. All these are in addition to the force required to overcome the friction between
the anchor face and the sand surface.

On a rocky surface, in addition to the friction between the anchor face and the rock
surface, there is the encounter between the anchor front and rocky protrusions.

The mere presence of all the processes listed above attests to the fact that the force
measured and recorded is markedly different from the regular, sliding frictional force,
represented by expression (5) above. In reality, it is much more complex, and expressing
it properly requires additional work to characterize sand properties at various levels of
saturation, to measure the dependence of the sand load-carrying capabilities, and of the
shear strength on the pressure exerted by the anchor.
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