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Abstract

Mechanical properties of the biomineralised cement from tube-building marine worms are
poorly known. Secreted from an organ connected to the polychaetes specialised glands, the
cement glues sand grains and calcareous shell fragments of a given size and, on a larger scale,
and ensures the resistance of the reef to waves. In this study, three kinds of mechanical tests
were performed with worm tubes to establish the nature of the cement behaviour. Results
obtained show that cement behaves like a visco-elastic material. This property allows the
tubes to dissipate the mechanical energy from the waves to which they are subject and to
reduce the mechanical stress transmitted inside the tubes to the polychaetes. Comparison of
“fresh” and “dry” cements highlights that the visco-elastic behaviour of the cement is
maintained after five years. The viscosity of the cement is therefore not related to moisture
but to its chemical composition. More generally, these results offer a better understanding of

the role of cement on worm reefs strength and their persistence in the geological record.
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Introduction

Some marine annelids are known to build and to maintain massive sandy reefs which can
cover several kilometres in length (Caline et al., 1988). The family Sabellariidae aggregates
several species of reef building polychaetes which are present along all coastlines, except the
Arctic. The sabellariid polychaete Sabellaria alveolata Linnaeus, 1767 forms large intertidal
colonies at the north-western coasts of Europe, especially in the Bay of Mont-Saint-Michel
(France) which hosts the greatest European worm-reef structures (Dubois et al., 2002; Godet
et al., 2009; Noernberg et al., 2010). These annelid reefs are known to trap carbonate-rich
sediments and to actively control the texture and the distribution of intertidal sediments
(Godet et al., 2008; Kirtley and Tanner, 1968; Toupoint et al., 2008). The single tube of each
individual is made from bioclastic sand of a given size and shape, gathered in the water
column when the reef is submerged at high tide. The rigidity of the tube is acquired at low
energetic cost because the bioclastic grains have the shape of small tiles and thus, a large
surface area per unit of mass. The tubes constructed are joined together with a bio-mineralised
cement which is produced by specialised glands, located in the thorax of the worm. The
cement of sabellariid species such as Phragmatopoma spp. and S. alveolata consists of several
protein substances such as glycine, serine and alanine (Waite et al., 1992; Zhao et al., 2005),
and significant levels of phosphorus, calcium and magnesium (Gruet et al., 1987; Fournier et
al., 2010). The matrix of the cement is pitted with spheroidal depressions and is shaped like a
microporous foam (Stewart et al., 2004; Flammang and Lambert, 2008). Zhao et al. (2005)
and Stevens et al. (2007) have demonstrated that the difference in pH between the secretory
glands and seawater might explain the drying out reaction mechanism involving an initial
rapid (30 s™) change in the nature of the bonding of divalent cations with the protein Pc3, and
secondly a reaction characterized by a slower hardening of the cement. Earlier studies showed
that the stability of the cement in S. alveolata tubes is achieved by internal quinone tanning
(Gruet et al., 1987), but calcium or magnesium depletion can affect the structural and
mechanical properties of the cement by lowering pull-out forces and tube compressive
strength (Sun et al., 2007). Paradoxically at first sight, several studies have also underlined the

fragility of the reefs built by these worms but, at the same time, their strength to withstand the



hydrodynamic pressure (i.e. wave energy dissipation) over long periods of time (Kirtley and
Tanner, 1968; Caline et al., 1988; Main and Nelson, 1988). In the Bay of Mont-Saint-Michel,
the amplitude of the swell only exceeds 2 m about ten days a year with a maximum of 3.5 m;
50% of the record reveal that the amplitude remains under 0.5 m with a period between 7 and
11 s. Occasionally, lapping waves, which are caused by winds stronger than 12.5 m.s™, are
superimposed on the north-west swells (Caline et al., 1988). The aim of this paper is to study
the mechanical properties of the biogenic cement in order to understand its role in the
resistance of individual tubes of S. alveolata to physical pressure, a questioning that has been
performed on other species of reef-building worm (e.g. Lanice conchilega: Callaway et al.,
2010). This study is the first step towards the characterisation of the resistance of reefs to
breaking waves, especially in the context of global change with increasing wave energy at
coasts (Allan and Komar, 2000; Goldenberg et al., 2001). Three different mechanical tests
have been used to distinguish the behaviour of tubes when some compressive constraints are
applied. The first test intends to establish the mechanism of failure of the tube submitted to a
compression loading. The second one was used to define the nature of the mechanical
behaviour of the cement. The last one aims to compare the nature of the mechanical behaviour

of fresh and old cements, and more particularly their viscosity.

1 Experimental set-up

1.1 Materials and sample geometries

Several blocks of tubes of Sabellaria alveolata were collected in 2010 in the main reef (ca
150 ha) located in the central part of the bay of Mont-Saint-Michel and stored in plastic bags
(Figure 1). All collected tubes were constructed by adult worms. The higher parts of the tubes
were carefully and individually separated from the block with scalpel in the laboratory. The
top of the tubes was selected as this part of the tube is the most recently built. Replicates were
stored for both mechanical tests and grain-size analysis. For grain-size analysis of each of the
samples, segments of tubes were washed carefully with distilled water and following
decanting during 48 h. Sediments were then dried at 60°C for 24 h and were then sieved
through AFNOR standard sieves (meshes of 2.5, 2, 1.6, 1.25, 1, 0.8, 0.63, 0.50, 0.40, 0.315,
0.25, 0.20, 0.16, 0.125, 0.100 mm, 80, 63, 50, 40 and <40 pum). Each size fraction was
weighed and the associated results expressed as percentages of the total sample weight.

Sedimentary parameters were determined by performing grain-size analysis on raw data



through the Gradistats v.4.1. Program (Blott and Pye, 2001) based on the methods of
moments using the Folk and Ward (1957) classification. Three types of samples, named “A”,
“B” and “C” were prepared for mechanical tests. “A” samples were collected on the back-
reef, an area sheltered from the incoming swells (azimuth: 185°). In contrast, “B” and “C”
samples were collected on the fore-reef, where worm tubes are directly exposed to swells and
waves (azimuth: 20° and 30° respectively). “A” samples (20 mm long) were tested 3 days
after their collection on the field. These fresh samples remained wet during the storage period.
Preliminary compressive tests until fracture were conducted with respect to the natural sample
geometry: it should be noted that sample axis is not necessarily strictly linear. For this reason,
the length of “B” samples was reduced by cutting to 10 mm to minimize the geometrical
effect on the mechanical response. This sample geometry was used to performed cyclic
mechanical tests. Finally, “C” samples, collected in 2004 in the same location and stored in a
dry storage room, were used to compare the mechanical behaviour of an “old” and dried-up
cement with a fresh one. The length of the tube used for this last test was around 20 mm as
these tubes were strictly linear.

1.2 Mechanical tests

The mechanical tests were performed at 23°C room temperature and 34% hygrometry using a
50 N Instron 5543 testing machine. As shown in Figure 2, tubes are placed on the plate
surface of the fixed grip. Then, the moving grip is put into contact with the tube and is moved
toward the fixed grip in order to generate a radial compression loading on the tube. The
frequency of acquisition allows us to obtain one measurement of the grip displacement and
applied force every 100 ms. Three kinds of compressive tests were carried out. The first one
with five A-type samples aims to characterize the response until fracture in terms of
displacement-force relationship. This test until fracture is classically envisaged to determine
the stiffness and the failure mode of materials and structures (Sharpe, 2008). The second test
deals with the nature of the cement behaviour and tries to answer some important questions: is
the cement behaviour elastic? Is there a viscous contribution to the mechanical response? Is

there any mechanical irreversibility? To investigate these questions, mechanical cycles are



performed with B-type samples. They consist in performing three cycles at three increasing
displacement levels, in this case -0.2, -0.4 and -0.6 mm. The third test was performed after
obtaining the results of the second test and is dedicated to the stress relaxation, i.e. the effect
of the apparent viscosity at the macroscopic scale, on the mechanical response of B-type and
C-type samples. This test was chosen to compare the nature of the behaviour of fresh (B-type

samples) and 5 year-old (C-type samples) cements.

2 Results

2.1 Grain-size analysis of the tubes

Geometry and conservation state of tube samples are summarized in Table 1. Average values
of the external and internal diameters of the tubes were computed with R language and
environment (R Development Core Team, 2009). Beforehand, data normality has been
verified with a Shapiro-Wilk test. Linear regression shows that the external and internal
diameters of the tubes seem to be strongly dependant for all types of samples. We have
checked this positive relation for the tubes of samples A (R? = 0.9468, F116 = 303.8; p <
0.001), samples B (R? = 0.8168, F1 16 = 76.8; p < 0.001) and samples C (R? = 0.8922, F;15 =
158.2; p < 0.001). Differences between samples in diameter are explained mainly by the age
of the worms and the orientation of the reef blocks in relation to the waves. Table 2 gives the
result of grain-size parameters of the groups of tubes for the three samples used for
mechanical tests. Samples B are composed of clasts slightly coarser (mean 360.39 um) than
those of samples A (mean 347.73 um). Clasts of samples C are even coarser (mean 465.15
pm) but the mode is identical (565 um) to the other two. The percentage of CaCOs (i.e.
bioclasts) is comparable, 76.2% for samples A, 78.6% for samples B and 82.3% for samples
C.

2.2 Compression until failure

The tests were carried out with A-type samples. The mechanical responses obtained are
plotted in a displacement — force diagram (Figure 1). As the average section of the samples
slightly differs from one to another (see Table 1), the force is normalized by the maximum

force obtained during the test for each sample. Results obtained shows that samples exhibit



similar mechanical response. The responses being very close, only two curves are plotted in
the displacement-force diagram in Figure 2. The great repeatability of the tube response
obtained with the compression test allows us to analyse more precisely the typical response
curve in relation with the evolution of the sample structure during the test. The typical
response of the samples can be divided in 7 steps (figure 3), each one corresponding to a

singular phase of deformation and/or failure observed during the tests:

Step 1: the compressive force slightly increases. The force distribution is not homogeneous
along the sample due to both the variation in the external diameter and the non-linearity of the
axis. The parts of the tube with the largest diameter are therefore the most stressed,

Step 2: sample split into several segments. Even if the displacement increases continuously,
this mechanism occurs under constant force and consequently the segments of the tube realign
parallel to the surface of the grips;

Step 3: the compressive force is now applied on the largest segments of the sample;

Step 4: the outer segments do not resist the force any more and fail;

Step 5: as a consequence, the lower diameter parts are now loaded;

Step 6: the same mechanism of failure takes place;

Step 7: once the last segments failed, the force returns close to zero. The fact that the force

level increases with the displacement is explained by the particle compaction.

2.3 Cyclic compression

Figure 4 shows the response of B-type samples obtained under three cycles at three different
increasing displacements. The aim of this test is to study the behaviour of the cement using
the global response of the samples. This kind of tests allows us to identify viscosity in the
mechanical response and to study the damage process. Examining the first level of
displacement applied, during the first loading the force reaches a value from which the
displacement increases without force increasing. As previously explained, this could be due to
the local failure of the sample. From -0.2 mm on, the displacement comes back to zero but the
corresponding part of the curve shows that the force returns quickly to zero, just after the
displacement begins to decrease. This mechanical cycle exhibits a hysteresis loop that is
mainly due to the dissipation of the mechanical energy by successive local failures. The two
next cycles are also interesting because no local failures are detected from the curve but the

loading and unloading paths are different. As the fourth cycle is performed at a higher level of



displacement, the force increases until reaching a maximum value and the same phenomena
as for the first cycle are observed. It should be noted that local failure occurs at a higher force
level than cycle 1.

2.4 Relaxation test under compression

Figures 5 and 6 present the results obtained for B-type and C-type samples, respectively. We
recall here that the diameter of the tubes, the size and shape of particles agglomerated using
cement are different. This explains the difference in the force level between the two samples.
However, the mechanical response of the cement is significantly affected neither by the
change in size of the tube nor the change in size and shape of particles. The test consists in
applying consecutive displacements of -0.2, -0.4 and -0.6 mm and to measure the force
variation during 60 s. The displacement level applied is defined during preliminary tests in
order to prevent local failure of the tube. Figure 5 shows representative responses of B-type
samples. A small stress relaxation is observed at -0.2 mm and the force rapidly stabilizes. At -
0.4 mm, the stress strongly relaxes and the force does not stabilize after 60s. When
examining the representative response of the C-type samples (Figure 6), a similar
phenomenon is observed: stress relaxation is observed during each stop and the force reached

at -0.6 mm is not significantly higher than that reached at -0.4 mm.

3 Discussion

The initial motivation of this study was to characterize the mechanical properties of biogenic
cement and to understand its role in the resistance of individual worm tubes to physical
loading conditions. The first tests performed (compression until fracture) have allowed the
conceptualisation of the mechanical response of the tube through a seven steps model. Even
though this kind of test has revealed the mechanism of failure of the tubes under compression
loading, only two phases (3 and 5) correspond to the requested uniform and longitudinal
compression of segments of the samples. Therefore, it seems difficult to use the mechanical
response obtained to define the true nature of the cement behaviour. Thus, once the tests
performed, some questions remain unanswered: if the displacement of the moving grip is
stopped before sample failure and returned to zero, are the loading and unloading paths the

same? In other words is the behaviour of the cement elastic, elasto-plastic, visco-elastic or



visco-elasto-plastic? Is it possible to distinguish the contribution of the structure and that of

the cement to the mechanical response?

As a first answer, the cyclic tests have revealed a hysteresis loop, due to the mechanical
response of the cement. In fact, the cement behaves like a visco-elastic material and is able to
dissipate partially of the mechanical energy brought to it. Moreover, the fact that these two
hysteresis loops (cycles 2 and 3, Figure 4) are superimposed seems to indicate that these
mechanical cycles do not generate irreversibility and that the cement behaviour is stabilized.

This seems to indicate that mechanical cycles applied at a given level confer to the cement a
higher resistance to local failures. Back to a natural context, this indicates that the cement
could accommodate a certain increase in the mechanical energy brought by breaking waves.

For the third level of displacement, the force does not exceed the maximum value obtained
during the last cycles. This could be explained by the fact that the tube is not able to resist to a
higher force level anymore. To conclude on this second test, the cement seems to behave as a
visco-elastic material and its ability to dissipate the mechanical energy brought to it explains

why samples can reduce the effect of loading on the polychaetes.

Finally, the comparison between both old and dried tubes and fresh tubes shows that a large
difference in the force value is observed between the two first levels of displacement during
the relaxation test. Yet, the third level of constraints applied induces a level of the force and a
stress relaxation similar to the second level of displacement. This seems to indicate that the
cement is suppler (at a given force) after a first relaxation phase. The fact that such a
relaxation phenomenon is clearly observed in the response of the C-type samples shows that
the tubes are still able to dissipate energy five years after sampling. With regards to these
results, we assume that the conservation of the mechanical properties of the cement, i.e. its
visco-elasticity, could explain the astonishing resistance of the tubes, and the reef vis-a-vis the
hydrodynamic constraints. The sustainment of mechanical properties might explain the ability
of sand-castle reefs to be preserved as fossils in geological records (Fisher et al., 1989; Garcin
and Vachard, 1987; Eckdal and Lewis, 1993). Fossilization of these bioconstructions suggests
that tubes are able to keep their shape and strength for prolonged periods of time.

Conclusion



This study specifies the mechanical characterization of cements using three compression tests.
The first one consists in compressing samples until their rupture. The second one imposes
three cycles at three increased levels of compression. The third one corresponds to a test of
relaxation on three increased levels of compression. The main result obtained highlights the
visco-elastic behaviour of cement of Sabellaria alveolata. This behaviour enables the tube to
dissipate the mechanical energy brought by breaking waves. Consequently, only part of this
mechanical energy is transferred to the worm. The cement seems therefore to take part
directly in the protection of the worms and the reef by dissipating the energy of the waves.

The global climatic change and the predicted rise in sea level present a potential direct impact
on the worm-reefs: an increase in wave energy levels which induces a higher level of
mechanical loading. This study has shown that tubes of Sabellaria alveolata are able to
undergo an increase in the mechanical loading without any structural damage. The threshold
of resistance of the reefs facing the increase in wave energy remains to be quantified with in

situ experiments.
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Table captions



Table 1. Sabellaria alveolata tube characteristics, Saint-Anne reef, Bay of Mont-Saint-

Michel, France

Table 2. Grain-size parameters of tubes used for mechanical tests (geometric methods of

moments)

Figure captions

Figurel. Location of the study area (Mont-Saint-Michel Bay, France) and location of the

sampling area (Reef of 'Sainte-Anne’) and samples A, B and C.

Figure 2. Compression test until sample fracture

Figure 3. Conceptual model of the variation in the sample structure during the compression
test until fracture

Figure 4. Cyclic compression test. Three cycles are performed at three increasing compression

levels

Figure 5. Relaxation test under compression (B-type samples)

Figure 6. Relaxation test under compression (C-type samples)



