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We investigate the delayed rupture of biopolymer gels under a constant shear load by simultaneous
dynamic light scattering and rheology measurements. We unveil the crucial role of normal stresses built up
during gelation: All samples that eventually fracture self-weaken during the gelation process, as revealed
by a partial relaxation of the normal stress concomitant to a burst of microscopic plastic rearrangements.
Upon applying a shear stress, weakened gels exhibit in the creep regime distinctive signatures in their
microscopic dynamics, which anticipate macroscopic fracture by up to thousands of seconds. The
dynamics in fracturing gels are faster than those of nonfracturing gels and exhibit large spatiotemporal
fluctuations. A spatially localized region with significant plasticity eventually nucleates, expands
progressively, and finally invades the whole sample, triggering macroscopic failure.
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Failure in soft materials is important from scientific and
practical perspectives [1]. Understanding how and when
failure may occur is crucial to design materials that are able
to prevent or, conversely, to facilitate rupture, depending on
applications. Furthermore, why failure may occur after a
long induction time is a fascinating question, crucial in
fields such as geology, economics, and medicine [2]. In soft
matter, many key questions remain unanswered in spite of
recent progress in understanding failure phenomena in
polymers [3], granular materials [4,5] and networks formed
by colloids [6,7], and biopolymers [8–16].
Biopolymer gels are very relevant and largely exploited

in drug delivery, personal care, and tissue engineering,
thanks to remarkable properties such as high water content
and softness. Another distinctive feature of biopolymers
forming fibrils is their ability to develop a negative normal
stress under shear, due to the stiffness of the fibrils [17–21].
This property is responsible for strain hardening, which
allows the gels to stiffen under a large load to prevent
rupture, while preserving flexibility at smaller loads.
Despite the relevance of these materials, little is known
on the microscopic mechanisms leading to failure and their
interplay with the distinctive mechanical features of bio-
polymer gels. Indeed, most studies have focused on crack
nucleation and propagation at the macroscopic level
[8,10,22] rather than on the evolution of the microscopic
structure and dynamics before failure.
We address these questions by coupling dynamic light

scattering to rheology to rationalize the failure process of
biopolymer gels. We demonstrate the crucial role of normal
stresses developed during gelation for the ultimate behavior
of the gel under a constant shear load, showing that gels that
eventually fail have suffered irreversible damages due to
tensile stress self-generated during gelation. We propose
that these irreversible rearrangements modify the bond

distribution in the sample, ultimately diminishing its
resistance to shear stress. Finally, we unveil several kinds
of dynamic precursors of failure, highlighting the crucial
role of microscopic dynamics for understanding failure in
soft materials.
We perform creep tests on agarose gels [23–25], using a

rheometer coupled to a custom-made light scattering
apparatus [26]. Gelation is induced in situ, by cooling
hot agarose solutions to 23 °C, yielding a network made of
aggregated fibrils of double helices, with a typical mesh
size of 100 nm [27] (details in Supplemental Material [28]).
Creep experiments start 24 h after gelation to allow for
equilibration of the gel; during creep, the time evolution of
the strain γ is measured for up to 24 h. Figure 1 shows the
strain rate _γ vs t, the time elapsed since the application
of a shear stress step σ, for four samples with the same
composition and comparable viscoelasticity [32]. In all
cases, after an initial elastic jump at t ¼ 0, _γ decreases as
_γ ∝ ta, a ¼ −0.83� 0.10. For sample S4, an upturn of _γðtÞ
occurs at t ≈ 104 s, followed by a fast increase of _γ, along
with the full relaxation of the normal stress (Fig. S3 [28]),
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FIG. 1. Shear rate vs time during creep tests, for samples S1–S4.
σ is the amplitude of the applied stress and G0 the gel elastic
plateau modulus.
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signing the gel macroscopic failure. Remarkably, failure
occurs only for S4, although all samples have comparable
moduli: For S1–S3, _γ keeps decreasing with the same
power law, up to waiting times 10 times longer than the fail
time of S4. As expected intuitively, σ must be sufficiently
large for macroscopic failure to occur within the duration of
the creep measurement (≥24 h). Intriguingly, however,
samples can ultimately display drastically different behav-
iors under a similar load, despite exhibiting the same creep
response over several hours.
To rationalize the findings of Fig. 1, we couple light

scattering to rheometry. The microscopic dynamics are
probed with space and time resolution by acquiring a time
series of speckle patterns backscattered by the sample.
The images are processed to calculate cIðt; τ; rÞ, a local,
two-time degree of correlation [33,34] with t the time, τ a
time delay, and r the position in the sample, r ¼ 0 being
the coordinate of the rheometer axis of rotation [28]. cI
quantifies the amount of microscopic motion over the lag τ,
averaged over the sample thickness: cI → 0 for motion over
distances 1=q≳ 30 nm, with q ¼ 33.2 μm−1 the magni-
tude of the scattering vector [26].
We show in Fig. 2(a), for a sample of comparable

viscoelasticity as those of Fig. 1, a dynamic activity map
(DAM) [33] obtained by dividing the imaged area [here,
almost the whole sample; see Fig. S2(b) in Ref. [28] ] into
square regions of interest (ROIs) of side 1.2 mm and
plotting for each ROI cI at a fixed time lag τ ¼ 1 s, with
colors ranging from dark red (frozen dynamics, cI ¼ 1)
to blue [intense dynamic activity, cI < 0.01, correspond-
ing to a mean square displacement of the scatterers
Δr2ðτ ¼ 1 sÞ > 1.4 × 10−2 μm2]. The DAMs in Fig. 2(a)
illustrate the gel dynamics at different times before rupture
at t ¼ tR ¼ 6210 s (see also the movie in Ref. [28]). Up to
t1 ¼ tR − 2910 s, approximately at the minimum of the

macroscopic shear rate, the dynamics are almost frozen,
except for a small region (top of the DAM). Upon
approaching failure, this region first expands along the
sample rim and then propagates inward (see DAMs at
t2 ¼ tR − 82 s and t3 ¼ tR − 42 s), until the entire gel
exhibits intense dynamics (at t4 ¼ tR − 19 s). At t4, the
speckle pattern shows radially propagating cracks in the
bulk of the gel (see Fig. S6 in Ref. [28]). The inward
propagation of intense dynamics is likely due to the
heterogeneous strain profile in the plate-plate geometry,
for which the local strain is proportional to r. Note,
however, that the DAM at the onset of plasticity does
not exhibit the same circular symmetry as the strain field.
Fast dynamics nucleate in a specific region near the rim,
presumably where the gel is weaker, due to heterogeneities
in its structure. The nucleation of this dynamically active
region about 3000 s before rupture constitutes a remarkable
dynamic precursor of failure (see movies and Fig. S7 in
Ref. [28] for DAMs from other experiments).
The DAMs in Fig. 2 highlight the rearrangement dynam-

ics on short timescales, τ ¼ 1 s. To explore the timescale
dependence of the dynamics, we compute cI at various τ
during the creep tests of samples S1–S4 shown in Fig. 1,
enlarging a small area of size 2 × 1 mm2 [see Fig. S2(c) in
Ref. [28] ]. The region is chosen so as to minimize the
trivial contribution to cI arising from the affine deformation
of the sample during creep [28]. Data for the four samples
are show in Fig. S5 in Ref. [28]. Figure 3(a) focuses on
sample S4, during the last 900 s before failure, at
tR ¼ 11825 s. The drops of cI reflect plastic rearrangements
leading to enhanced microscopic dynamics. For τ ¼ 2 s,
cIðt; τÞ exhibits an abrupt drop at t ≈ 11500 s, a few
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FIG. 2. (a) Dynamic activity maps quantifying the dynamics
over a time delay τ ¼ 1 s, measured at four times before rupture,
at tR ¼ 6210 s. The black points indicate the plate rotation axis.
(b) Creep curve showing t1 (main plot) and t2 − t4 (inset).
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FIG. 3. (a) Time evolution of the degree of correlation at
different delays τ for S4, the sample that will fail. Only the last
900 s before rupture are shown. Thick pink line: shear rate _γ.
(b) Symbols: intensity correlation functions for the same samples
as in Fig. 1. Lines: generalized exponential fits (see the text).
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hundreds of seconds before the gel rupture. This sudden
drop, followed by a slow recovery, is consistent with a wave
of plastic activity, highly localized in time, sweeping the
sample, as in Fig. 2(a). cI traces for longer delays, τ ¼ 10
and 40 s, reveal an additional burst of plasticity around
t ¼ 11100 s, followed by a progressive acceleration of the
dynamics, undetectable when probing the dynamics for
τ ¼ 2 s. This constitutes a second dynamic precursor of
failure, independent of the first one, based on the evolution
of the dynamics on longer timescales.
A third dynamic precursor of failure clearly emerges

when plotting g2ðτÞ − 1, the t-averaged degree of correla-
tion shown in Fig. 3(b) [35]. Correlation functions for all
samples can be fitted with a generalized exponential decay,
g2ðτÞ − 1 ¼ exp½−ðτ=τcÞp�. For nonrupturing samples [all
curves in Fig. 3(b), except S4], the relaxation time τc lies in
the range (3000–8000) s [28], comparable to that of a gel at
rest (blue squares), suggesting that the microscopic dynam-
ics are not significantly perturbed by the imposed stress. By
contrast, for S4, the gel that eventually fails, τc ¼ 140 s,
more than 20 times shorter than for nonrupturing gels.
Figure 3(b) demonstrates that the ultimate fate of

a gel is encoded in its average dynamics during the whole
creep experiment, not just on approaching failure. Thus,
failing gels must differ from nonrupturing ones since
their very formation, as inferred from experiments on
colloidal gels although only with macroscopic quantities
[36,37]. However, any differences must here be subtle:
Conventional rheological quantities such as the storage G0
and lossG00 viscoelastic moduli do not allow one to identify
beforehand those samples that will fail. Indeed, gels with
the same composition consistently have a very similar
dependence of linear viscoelasticity on time tq since
starting the cooling ramp to induce gelation. This is shown
by the symbols in Fig. 4(a), which display the time
evolution of G0 and G00 for three distinct gels with the
same composition as those in Figs. 1 and 3. By contrast, the
time dependence of the normal stress σN (lines) exhibits
significant sample-to-sample differences. The three lines in
Fig. 4(a) are representative of three distinct classes of
behavior, based on the evolution of σN during gelation and
on how the gap H is controlled [38]. When H is kept
constant [solid and dotted lines in Fig. 4(a)], a negative σN
signals the emergence of normal forces that pull the plates
together. These forces may relax during gelation, leading
to gels with a moderate normal stress plateau σ0N at the
end of gelation [σ0N ∼ −0.8 to −5 kPa, continuous line
in Fig. 4(a)]. If no relaxation occurs during gelation,
σ0N < −5 kPa (dotted line). We also prepare stress-free
samples, obtained by letting the rheometer continuously
adjust H to keep σN ≈ 0 [dashed line in Fig. 4(a)].
To understand the microscopic mechanisms responsible

for the distinct evolutions of σN , we plot in Figs. 4(b) and 4(c)
the relevant macroscopic quantities together with the evo-
lution of cI at selected delays τ. Under σN ≈ 0 conditions

[Fig. 4(b)],H decreases rapidly at theonset of gelation, due to
the emergence of internal tensile forces. This macroscopic
reorganization is mirrored by a transient acceleration of the
microscopic gel dynamics, signalled by a drop of cI that lasts
until tq ∼ 900–1500 s, dependingon τ.As gelationproceeds,
H tends to stabilize, suggesting less active rearrangements,
as confirmed by the cI traces, which for tq ≳ 2500 s reach
values close to one, indicative of frozen dynamics. Only
sporadic, limited losses of correlation are seen, similar to the
“quakes” reported in a variety of gel systems and ascribed to
the relaxation of residual internal stresses built up during
gelation [39,40].
The scenario is very different when gelation is performed

at fixed H [Fig. 4(c)]: A negative σN develops as gelation
starts; after reaching a minimum (here, ∼ − 6 kPa), σN
relaxes, approaching a plateau σ0N (here, ∼ − 2.5 kPa). The
upturn of σN is concomitant with a strong, transient
acceleration of the microscopic dynamics (nonmonotonic
evolution of cI for 1600 s ≲ tq ≲ 4000 s). Note that the
acceleration of the dynamics is much more pronounced
here than for the sample with variable H and σN ≈ 0, since
comparable or even greater drops of cI are seen over time
lags τ significantly smaller than in Fig. 4(b). We conclude
that rearrangements during the late stages of gel formation,
triggered by the development of strong normal forces, are
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FIG. 4. Evolution with time tq since quenching the sample at
T ¼ 23 °C, of various quantities. (a) Viscoelastic moduli G0 and
G00 (symbols) and normal stress (lines), for three samples during
gelation, at fixed gap H (solid and dotted lines) or adjustable H
and σN ≈ 0 (dashed line). Vertical line: time at which T reaches
23 °C. (b),(c) Degree of correlation during gelation at variable
(b) and fixed (c) gap. In (b), the orange line is the gap evolution.
In (c), the red line is σNðtÞ. The vertical lines in (b) and
(c) indicate G0 ¼ G00.
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responsible for the remodeling of the gel and the partial
relaxation of σN . These rearrangements do not systemati-
cally occur in all experiments at fixed H, suggesting
random sample-to-sample variations of the gel ability to
sustain large normal stresses. Accordingly, for some
samples, σN decreases monotonically before reaching a
plateau [dotted line in Fig. 4(a)].
To rationalize the role of the normal stress on the fate of

sheared gels, we design a protocol that reproduces the
nonmonotonic behavior of σN in a controlled fashion. We
induce a change of σN through incremental variations of
the gap, starting from a relaxed gel (σ0N ≈ 0) and recording
at each step both σN and the elastic modulus G0, measured
by imposing an oscillatory shear of small amplitude.
Figure 5(a) shows the sample trajectory in the parameter
space ðH; jσN j; G0Þ; relevant points along the trajectory
are labeled ①–④. Starting from ① and increasing H, jσN j
increases progressively, inducing a smooth growth ofG0, as
previously observed for biopolymers [18,38]. As seen by
projecting the trajectory on the ðH; jσN jÞ plane (red line and
symbols), beyond point ②, σN stops growing with H and
reaches a plateau, up to ③. This is the distinctive signature
of plastic damage due to the tensile strain imposed to the
gel, as confirmed by the observation of hysteresis: Upon
reducingH, from ③ to ④, the σN ¼ 0 condition is recovered
for a gap H larger than the initial one. The evolution of G0

is strikingly different from that of σN [blue lines and
symbols, Fig. 5(a)]. Between ② and ③, the shear modulus
steeply increases rather than flattening out. This strain
hardening is irreversible: When H is reduced to recover
σN ¼ 0 in ④, G0 remains significantly larger than in ①.
Figure 5(a) suggests that, as σN becomes too large, bonds

sustaining forces along the normal direction are broken,
while new bonds are formed in other directions. This
anisotropy leads to a gel with a shear modulus significantly
higher than in pristine gels but weaker under a tensile stress.
We propose that this mechanism is responsible for the

failure of our gels under creep. Both the nonmonotonic
σNðtÞ and the microscopic dynamics shown in Fig. 4
support the occurrence of these plastic rearrangements.
As a result, some gels are significantly weakened in their
ability to resist normal stresses. Although these gels would
have larger G0, they will paradoxically fail under shear,
because biopolymer gels under shear quite generally
develop strong tensile stresses [17–21].
We test this hypothesis by analyzing the behavior of a

large number of gels with identical composition in creep
tests lasting up to one day, focusing on the value of the
normal stress plateau σ0N and the shear modulus G0 at the
end of gelation. As shown by the black squares in Fig. 5(b),
gels able to sustain large normal stresses (σ0N=σ < −3) or
which relaxed during gelation ending in a nearly stress-free
configuration (σ0N=σ ≳ −1.5) are able to sustain the extra
normal stress developed during creep. Conversely, gels
with intermediate σ0N , comparable to σ, are susceptible to
fail. Among them, all gels that actually failed (red circles)
had a nonmonotonic evolution of σN and G0 higher than
the typical value of the other gels (G0 is about 50% higher
than for the reference gel, with σ0N ¼ 0, which does not
fail) [41]. This finding demonstrate that the gels that fail
underwent rearrangement processes breaking the isotropic
distribution of the agarose chains in the gel network. These
rearrangements do not significantly change the average
structure of the gel, since the average static scattered
intensity remains constant. However, they are unambigu-
ously detected from changes in the gel dynamics.
In conclusion, we have unveiled the crucial role of

normal stress for the ultimate fate of agarose biopolymer
gels under a constant shear load, showing that failure is not
related to lack of resistance in the shear direction but rather
to weakness under the tensile stress that accompanies shear
in these materials. As recently observed for other soft solids
[2], macroscopic failure is preceded by several precursors
in the microscopic dynamics. These findings pave the way
for both anticipating and controlling the nonlinear behavior
of biopolymer gels, an important class of soft networks.
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