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S1 Electron backscatter diffraction and scanning electron microscopy data

Figure S1 Polycrystalline setup of L. pertusa: SEM and EBSD data previously published by
Hennige et al. ! support that aragonite crystals coalesce in a polycrystalline matrix and that a random
assembly is a suitable approximation. (a, b) are surface SEM images of cold-water coral skeletons.
(c) shows the crystal coordinate systems used in the inverted pole figure image examples in (d) and
(e) which were obtained using EBSD microscopy. EBSD data (f) shows eight examples across the
100 needles analysed which illustrate the range of aspect ratio of 2.01-13.85.



S2 Porosity and affected layer analyses
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Figure S2: (a-f): Sequential flowchart of porosity analysis. The original image was smoothed and
thresholded to produce a binarised image. A mask was then generated using morphological operations
(opening and closing). Pixel-wise multiplication of the inverse binarised and mask images enabled
extraction of porosity. (g) Shape of individual pores were characterised by their Degree of Anisotropy
(DA) using a connected component analysis. A larger DA value corresponds to a more oblong shape,
while a sphere has a DA = 1.



S3 Eshelby Tensors for Isotropic Inclusions

For an orthogonal material system, the 4" order Eshelby tensor Eshelby 2, R, takes the form,
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R R R 0 0 0
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The individual components of the Eshelby tensor for inclusion shapes used in this paper are provided
below (solutions obtained from Mura ® and David and Zimmerman #) where,

v = Poisson’s ratio of isotropic matrix

a = Inclusion aspect ratio

R,si - Aligned spheroidal inclusions
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where g is a function of the inclusion aspect ratio, a, and takes two forms depending on whether the
inclusions are prolate spheroids (a > 1) or oblate spheroids (a < 1):
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S4 Aragonite needle orientation

To find the most adversely loaded aragonite needle we employ needle coordinate systems intro-

duced for randomly oriented hydroxyapatite needles> °:
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Figure S3: Crystal orientation characterised by Euler angles ¢, 8 and tangential vector t charac-
terised by Euler angles ¢, 8 and the in-plane rotation .

S5 Micropillar compression

Two arrays of six micropillars were positioned on the skeletal wall of a CWC sample. Figure S4

illustrates micropillar location and shape on a representative sample.

Figure S4 Coral micropillars: (a) reflected light microscopy image of a corallite cross section. (b)
SEM image of a laser ablated array of 2x6 micropillars with the left six pillars before and the right
six pillars after testing. (¢) SEM of an untested micropillar and (d) SEM of a tested micropillar.

We fabricated micropillars using an ultrashort pulsed laser machining workstation based on a
Carbide laser (Light Conversion) with a laser wavelength of A = 1028 nm, a pulse length of 6 ps,
and a repetition rate of 2 kHz. We used a focussed spot size of 20 um, 89% beam overlap, and 11%

spot separation. The laser was operated at a pulse energy of 10.3 uJ and the beam was brought to



focus into a 20 um diameter laser spot positioned 70 pm below the top surface of the coral tissue.
The focussed laser beam was scanned across the sample in an inward Archimedean spiral pattern
with a speed of 4.4 mm/s by means of a galvanometer scan head. The outer diameter of the spiral was
250 pm and the internal diameter 44 pm. This scanning pattern was repeated three times to create 2
x 6 pillar grids on each sample. After laser ablation, samples were cleaned in an ultrasound bath for

5 s to displace any material ejecta from the coral surface and then glued to SEM stubs for mounting.
S6 Obtaining cohesion h and friction coefficient T
The equations for [F and F in equation (9) of the main manuscript are a porous version of a gener-

alised Drucker-Prager criterion provided by Schwiedrzik et al. 7 with tensors:
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Comparing (S1) with (9) for ¢4 = 0 allows us to deduce T and h as:
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S7 Elasto-viscoplastic material model and its implementation

We implemented this micromechanical model as a UMAT in Abaqus (6.16, Dassault Systémes)
following a similar material model for bone tissue®. We propose a linear elastic-viscoplastic material
model whose elasticity is governed by our three-step micromechanical scheme (Figure 2). The elastic
domain is limited by the Drucker-Prager type yield surface for the skeleton exposed to corrosive
waters (Section 2.8). Motivated by 0.1-5wt% organic matter incorporated in the skeletal matrix as
well as the creep behaviour in our nanoindentation experiments’, we propose a viscoplastic post-yield
behaviour (Figure S5). This allows us to adopt the model developed by Schwiedrzik and Zysset® for
bone tissue. We present the governing equations since there are significant differences compared to
Schwiedrzik and Zysset®. The observed mechanical behaviour shows no damage and features mul-

tiscale elasticity and a micromechanical yield surface with very short post-yield region under com-

pression.
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Figure SS Rheological model: We propose a material model that consists of a linear-elastic spring
and a short post-yield behaviour that is governed by a frictional slider and a dashpot to model
viscoplastic behaviour. Viscosity here is motivated by 0.1-5wt% organic matter incorporated in the
skeletal matrix.



We assume small deformations so that a Green-Naghdi split of total strain E into its elastic and

plastic part is usable'® and the accumulated plastic strain k can be defined as:

E = E° + E?
t
K=] ||Ep||dr. (516)
0
Using this, the free energy potential for this material takes on the form:
2Y(E,EP) = (E — EP):Spa(E — E?) (517)

with S, 4 the fourth order stiffness tensor for the acidified skeleton introduced in equation (8) of the
main manuscript. Consequently, the stress is derived as

S = VgY(E,E?P) = Sp,: (E — EP)
(518)
S? = —VppY(E,EP) = Sp,: (E — EP)

and the dissipation becomes

O=SE—9>0
(519)
O =SE—-S.E+S:E°=SEP>0.
Motivated by 0.1-5wt% organic matter incorporated in the skeletal matrix as well as mild creep
encountered in our nanoindentation experiments’ we implement a viscoplasticity as proposed by

Perzyna® !!- 12

. 1
E?P = E(X(YOA)>MP (520)

Mp = VSYOA'
(...) represent the McAuley brackets, Yy, is the yield surface introduced in equation (9), and y(Yy,)
is a monotonously increasing and invertible overstress function necessary for Perzyna-type materi-

als®. As proposed by Schwiedrzik and Zysset 8, we implemented a continuous Perzyna viscoplasticity

through introducing a viscoplastic consistency parameter A that we will substitute into the flow rule:

.01
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. (521)
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n

We constrain the viscoplastic flow by exploiting invertibility of the overstress function so that we are

able to formulate generalised Karush-Kuhn-Tucker conditions®:
You = x~*(4n)
Youa=Yoa—x"1(An) =0 (522)



This allows us then to implement the model as a UMAT in Abaqus (v6.16, Dassault Systémes).

In the following, the increment number n is omitted and converged variables A,,,; will be called A

while variables at the beginning of the increment will be called A,. The increment number is different

from the local iteration number i of the Newton—Raphson algorithm which we use to compute the
unknowns EP and k. We start the computation with identifying a trial stress:

ST =Spa: (E—Eb) (523)

If the yield criterion is not violated by using this stress, i.e. Yp,(S7; k) < 0, the stress increment

is elastic and the state variables can be updated as

K= KO
EP = E} (524)
s=s"

and the tangent stiffness tensor is simply the elastic stiffness tensor Sy 4.
If Yp,4(ST;k0) = 0, an implicit stress return algorithm'? is carried out respecting the Karush-

Kuhn-Tucker conditions (S22.3) and the set of nonlinear equations to be solved is:

S = SOA: (E_ Ep)

You(S,1,4) = You(S,6) — x *(An) =0
o (525)
EP = AVSYOA(S,K)

k= ||E?|| = 4|1VsYou(s, 0.
The incremental Lagrangean multiplier AA can be written as a function of the incremental accumu-

Ak VsYpa(Sk)
so that AEP = Ak
[IVsY 04 (S Ko+AK)]| [IVsY 0 (S Ko +AK)||

lated plastic strain AA = = AxNP. The polyno-

mial flow rule for A and the overstress function y can be specified® as:

.1
i= E(YOA(S, K)2 + mYp,(S,x))

I (526)
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withm =1landn =1-10"* MPa-s.
Total strain at the end of the load increment is given and can be separated into E = E, + AE.
With this the stress can be given in incremental form:
S =Soa:(Eg + AE — E) — AEP) = ST — S, 4,AEP = ST — S, ,AKNP (527)
wherein ST = S 4: (E —E 78). We now multiply from the left with E,4 = S;4 and bring everything

to one side to derive the residual error of the elastic strains



R(S, Ak) = Ey (S — ST) + AxNP. (528)

Similarly, we approximate the rate-dependent yield function by

_ Ak 1
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(S28) and (S29) are linearised around the solution with respect to the variables § and Ak so that a

linearised system of equations can be established:
i
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until ||R|| < tol and Y < tol wherein tol is a predefined tolerance. The solution in each iteration is
used to update the current state of the variables:
S*1 =84+ 68
Akt = Akt + Ak
Once converged, the state variables can be updated so that § = §**1, k = Ky + Ak, and EP =

E-E,,S.

(532)

According to Simo and Hughes ' the algorithmic tangent tensor S.4 can be found through a
linearisation of the stress-strain relationship around the current solution and by enforcing consistency.
Schwiedrzik and Zysset 8 conclude that this is already done during application of the Newton-
Raphson scheme for stress integration. Therefore, the tensor relating infinitesimal changes in strain
SR to infinitesimal changes in stress 65 (i.e. the tangent operator) can be found by substituting (S31.1)
at Yo, = 0 into (S31.2):
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The derivatives used in (S30) to (S33) amount to:



VsR' = E,, + Ax'VgNP

OR! _we o acl OV (534)
FIN K JAK!
Vo(VYE ) IVeYi || — VeV, & (Vs ||VsYE
Vsz _ S( S 0A)|| S 0A|| .S 0;4 ( S|| S OA||)' (535)
||VSY5A||

For the rate independent yield surface, we introduce a hardening function r(x) that allows to take
different forms of post-yield behaviour such as exponential hardening or softening into account so

that the yield surface and associated derivatives become:

You(S,Ak') = VS:FS + F:S — r(Ko + Ak') = 0 (S36)
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The derivatives for the rate dependent yield surface are then a combination of the rate independent

case and the viscous correction:
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This material model was used to interpret the micropillar compression tests (Sections 3.7, 3.4) and to

simulate CWC deformation due to a distributed pressure (Section 3.5, Figure S6).



S7.1 Interpreting micropillar compression tests

To interpret the micropillar compression tests, pillar dimensions were based upon the median
dimensions of the manufactured micropillars (Sections 2.7 and 3.4) with a top radius of 14.48 um,
43.17 um radius for the base, and 110.77 um pillar height. Substrate material was modelled with a
radius and length of 150 um to accommodate “sink-in” of the pillar as it is compressed. One quarter
of the pillar and substrate was modelled with symmetry constraints in the x-z and y-z planes applied
accordingly (Figure S6). The bottom surface of the substate was constrained against displacement in
the loading testing direction (y-axis). The microindenter was not modelled but represented through a
displacement boundary condition applied to the top surface. Displacement was set to 3 wm, enough
to pass the yield point of the material. The entire model was meshed with quadratic tetrahedral ele-
ments (C3D10, Figure S6). Due to the complexity of the stress field under the pillar base, meshing
was constrained by a single bias seed to maintain a fine mesh, while the substrate’s mesh seed is
biased to reduce in size as it approaches the edges of the model to save element count and thus com-
putation cost. A mesh sensitivity analyses was conducted to evaluate at which point the recorded
reaction force saturates and does not change with further mesh refinement. For this pillar this was
found to be at 454,786 elements. Force-displacement data was retreived from the model by recording
the displacement of the pillar’s top surface and the cummulative reaction force upon every node on

the substrate base.

$7.2 Simulating CWC deformation due to a distributed pressure

Surface and volumetric meshes (Section 2.9) were imported into Matlab (R2020a), where input
files for Abaqus (v6.16, Dassault Systémes) were generated. The coral skeleton surface was subjected
to a constant pressure load simulating an arbitrarily chosen sea current with a velocity of 3 m/s in a
direction perpendicular to the longitudinal axis (z-axis) of the skeleton (Figure S6). This velocity was
chosen to firmly overload the sample and represents three times the maximum water current reported
by Haugan et al. ' (0.3-1 m/s). It is important to note that this is an academic example to illustrate
the effect of increasing velocity and loss of skeletal wall thickness. First, the normal of all external
faces were computed and those facing the flow direction identified. A ray-triangle intersection algo-
rithm!® was then used to calculate the intersection of a ray in the direction of the flow and the trian-
gulated surface mesh. This allowed us to detect those faces not shielded by other elements, thus,
isolating the triangular faces on the coral skeleton surface where the rays first impinge on. The tetra-

hedral elements to which such faces belonged were identified and a distributed surface pressure p
was applied following p = 1/2 pv? cos a. p is the density of the sea water (p = 1026 kg m™), v the

velocity of the current, and « the angle between the direction of the sea current flow and the normal



of the faces hit by the flow (Figure S6). We omitted shear forces and the hydrostatic pressure for
simplicity knowing that they would contribute to the actual mechanical situation. Considering flow
in our example was sufficient to illustrate the impact of ocean acidification on load bearing capacity.
Finally, linear tetrahedral elements were converted to quadratic ones and all degrees of freedom in
the nodes of the most distal portion of the skeleton (10 mm height) were constrained to simulate a

coral fixed at its root.
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Figure S6 Finite element (FE) models used in the study: (a) and (b) finite element mesh of the
fabricated micropillars to identify compressive strength of the polycrystalline material (Sections 2.7
and 3.4). (¢) Stiffness obtained by nanoindentation tests (Section S8). The areas represent ranges for
stiffness found in the literature (grey: California Sea Bight’, red: shallow water corals around volcanic
sites in the Mediterranean Sea'®, green: non-zooxanthellate and zooxanthellate corals from the Med-
iterranean Sea'’; purple: scleractinian corals from Mediterranean and tropical waters'®) The dashed
blue lines (c) illustrate the results from our modelling (Section 3.3). Our model prediction using me-
dian aragonite stiffness fits very well to results by Pasquini et al. '8. (d) Tetrahedral mesh of a repre-
sentative coral sample that was used to investigate the impact of ocean acidification. (e) pressure
boundary conditions loading the coral with a distributed flow pressure.

S8 Measuring skeletal stiffness using nanoindentation

Hennige et al. * measured skeletal stiffnesses of L. pertusa samples from the California Sea Bight

which were collected along an aragonite saturation range of 0.71-1.11. Samples were grouped in live



and of dead coral skeletons (skeletons no longer covered in soft tissue) and no difference between
the two groups were found. We extend this dataset by including results of 15 L. pertusa samples
collected from UK waters (three samples from Mingulay Reef, Rockall Bank, Logachev Mound,
Pisces 9, and Porcupine Seabight each)! which were covered with living tissue at collection. Samples
were collected along an aragonite saturation range of 1.67-2.62 and we consider them to be repre-
sentative of a non-acidified oceanic environment.

Sample preparation was the same as in Hennige et al. ? and followed previously developed proto-
cols for mineralised tissues'®>?. Testing protocol was also kept the same as in Hennige et al. °. Briefly,
indentations were performed in dry conditions using a Berkovich tip mounted to a depth-sensing,
force controlled nanoindenter (Hysitron). Force was applied in a monotonic ramp up to 50 mN over
the course of 60 s. Subsequently, force was held constant for 30 s before being unloaded in 7.5 s. 35
indentations per sample (525 indentations in total) were performed and plain strain modulus, hard-
ness, as well as the ratio between elastic and dissipated work were determined following Hennige et
al. %, with plain strain modulus being the interesting variable for validating our polycrystalline mod-

elling. The resulting indentation stiffness is shown in Figure Sé6c.
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