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Deformation rates at volcanoes vary enormously, potentially altering the way in which volcanic rock accommodates strain. However, relationships between deformation rate, damage patterns, and physical properties are poorly understood. Laboratory deformation experiments are typically restricted to low strain rates (≪ 1 s -1 ). Here, we deformed samples of porous andesite in compression at strain rates from 10 -6 to ∼ 370 s -1 . We show, using Xray computed microtomography, that the failure mode changes as a function of strain rate: macroscopic fractures form at low strain rates and samples deformed at high strain rate (≥ 100 s -1 ) contain macroscopic fractures and collapsed pores. In general, high strain rate deformation results in more pervasively damaged samples. Deformation at high strain rate also results in larger decreases and increases to P-wave velocity and permeability, respectively. Strikingly, the change in the P-wave velocity of samples deformed at high strain rate is very large (decreases of up to 50%). We hypothesize

Introduction

1 Deformation rates at volcanoes vary tremendously, from 10 -14 -10 -12 s -1 2 [START_REF] Owen | Rapid deformation of 443 the south flank of Kilauea volcano[END_REF]Wadge et al., 2006;Moretti et al., 2020) to strain rates 3 sufficient to fragment melt (Dingwell, 1996;Wadsworth et al., 2018) and 4 form frictional melts [START_REF] Kendrick | Extreme frictional processes in the volcanic conduit of mount 401 st. helens (usa) during the 2004-2008 eruption[END_REF][START_REF] Hughes | Shear localisation, strain partitioning and frictional 397 melting in a debris avalanche generated by volcanic flank collapse[END_REF]. However, 5 the majority of laboratory deformation experiments on volcanic rocks have 6 been performed at low compressive strain rates of 10 -5 s -1 (Heap and Violay, 7 2021). Few experimental studies have focused on the strain rate dependence 8 of mechanical behavior at higher strain rates up to 10 -1 s -1 (Schaefer et al., 9 2015;Coats et al., 2018;[START_REF] Lavallée | The fragility of volcán de colima-a material constraint, in: Varley, 409 tion[END_REF][START_REF] Heap | The mechanical behaviour and failure modes 393 of volcanic rocks: a review[END_REF]. These 10 studies have shown that the strength of volcanic rocks increases as the strain 11 rate is increased. For example, the strength of porous dacite from Mt. Unzen 12 (Japan) increased from ∼20 to ∼28 MPa as the strain rate was increased from 13 10 -5 to 10 -1 s -1 (Coats et al., 2018).

14

Experiments on granite, marble, and porous sandstone have shown that 15 than forming the few macroscopic fractures observed at low strain rate (≤ 17 10 -1 s -1 ), very high strain rates (≥ 100 s -1 ) pulverize low-porosity granite 18 (Doan and Gary, 2009) and marble (Doan and Billi, 2011) and compact 19 porous sandstone (Aben et al., 2017b).

20

It is not clear, however, whether the failure mode of volcanic rock is 21 similarly changed at high strain rates. For example, while [START_REF] Olsson | The compressive strength of tuff as a function of strain 439 rate from 10 -6 to 10 3 /s[END_REF] 22 remarked that the porous tuff samples were "reduced to dust" at strain rates 23 of 10 3 s -1 , the failure of the low-porosity basalt was found to be largely 24 independent of strain rate (Lindholm et al., 1974). Indeed, there are very few 25 studies that have investigated the influence of high strain rates on the damage 26 evolution and failure mode of volcanic rocks. Further, while studies exist that show that low strain rate deformation in the brittle regime (≤ 10 -1 s -1 ) 28 can decrease P-wave velocities [START_REF] Stanchits | Ultrasonic velocities, acous-453 tic emission characteristics and crack damage of basalt and granite[END_REF]Fortin et al., 2011) 29 and increase permeability of volcanic rock (Fortin et al., 2011;Farquharson 30 et al., 2016), corresponding data for high strain rates-important for the 31 monitoring and understanding of volcanic systems-do not exist.

32

Here, we present the results of an experimental study on the influence of 33 strain rate on the mechanical behavior of porous andesite. Uniaxial defor-

σ i = A b A s E (ε i + ε r ) (1) σ o = A b A s E ε t (2) ∂ε ∂t = c L (ε i -ε r -ε t ) (3)
where E, c are the Young modulus and the elastic bar wave speed of the bar during loading, which can be altered for strain rates or samples that are too 84 high or too long, respectively. Once this quality control has been performed,
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the output stress is chosen as the stress acting on the sample during the test.

86

Strain is computed by time integrating the strain rate. Full stress-strain 87 curves can then be reliably retrieved (gray curves on Fig. 2).

88

After the first loading, the stress waves reflect perfectly at the edges of Damage was also assessed using petrophysical data. The P-wave velocity 107 and permeability of select samples (deformed at low and high strain rates)

108 was measured at ITES before and after deformation using a digital oscillo- Violay, 2021). There are no qualitative differences between the stress-strain 126 curves at strain rates between 10 -6 to 10 (axial strains up to 3%, compared to 0.5-1% for the quasi-static tests, see 130 Fig. 5b). strain rates (Fig. 3).

142

For a similar initial porosity (20-22%), although the strength at low-143 strain-rate (blue squares in Fig. 3) is lower than the strength at high strain 144 rate (colored circles in Fig. 3), the influence of strain rate on strength plays 145 a second order role compared to porosity. An increase of strength as a func- The damage classification for each sample is presented in Fig. 5a, which 155

shows that the type of damage depends on the strain rate. All of the quasi-156 statically deformed samples (10 -6 and 10 -3 s -1 ) formed a macroscopic frac-157 ture, a failure mode that characterizes brittle deformation. However, ap-158 parent compaction occurred in addition to fracturing at strain rates above 159 120 s -1 and, at the highest strain rates, two of the samples macroscopi- dynamically to an axial strain of 0.6% appears to be localized on a plane sub-178 perpendicular to the maximum principal stress, similar to the compaction 179 bands seen previously to develop in porous volcanic rocks (Heap et al., 2015, 180 2020). The damage accumulated in the samples deformed dynamically to 181 higher axial strains (1.1 and 2.6%) is similar to that described for the quasi-182 static sample to an axial strain of 0.6%, but much more pervasive (Fig. 4).

183

Samples characterised by both fracturing and compaction have a higher 184 strength than those that simply fractured (Fig. 3). This can be explained does not depend on the initial sample porosity (Fig. 7a), but increases as a

197 function of increasing strain rate (Fig. 7b). P-wave velocity decrease is ≤ 198 16 10% for the low strain samples (Fig. 7c), which also dissipated more energy 199 (Figs. 6 and7d). But the P-wave velocity decrease can exceed 50% at high 200 strain (Fig. 7). It should be noted that such strains could only be achieved 201 for the damage pattern "compacted/fractured", which is the most diffuse 202 and occurs only for the dynamic tests (Fig. 5).

203

The pre-and post-deformation permeability was also measured for sam-204 ples deformed at a strain rates of 10 -4 , 49, and 171 s -1 , respectively, and

205
showed a positive correlation of permeability increase with strain rate (Tab. 206 1). The increase in permeability following deformation is therefore higher

207

(increase of about a factor of three) for the dynamic tests than for the quasi-208 static tests (increase of about 40%). Our data show samples accommodate strain differently at strain rates 212 above 100 -150 s -1 , from "fractured" to "fractured with apparent com-213 paction" (Fig. 4). The occurrence of compaction bands-planes of collapsed 214 pores connected by microcracks that formed sub-perpendicular to the max-215 imum principal stress-has been observed during high-pressure quasi-static 216 deformation experiments on porous andesites (Heap et al., 2015(Heap et al., , 2020)). Typ- showed that compaction was also observed in porous sandstone deformed Fortin et al., 2011;Heap et al., 2015;238 Farquharson et al., 2016), and that cataclastic pore collapse decreases the 239 permeability of volcanic rock (Heap et al., 2015;Farquharson et al., 2017; 240 Heap et al., 2020). Our data show, however, that the permeability of samples 241 deformed at high strain rates that are "fractured with apparent compaction"

242 increased by about a factor of three (Tab. 1). In other words, the observed 243 compaction (pores infilled with fragments and possible compaction bands;

244 Fig. 4) did not result in a decrease in permeability and is likely the result 245 of presence of axially orientated fractures (Fig. 4), not present in samples 246 deformed quasi-statically at high pressure (Heap et al., 2015;Farquharson 247 increasing strain rate is likely the result of the more pervasive damage in the 249 samples deformed at high strain rates (Fig. 4).

250

A decrease in P-wave velocity following quasi-static loading to failure (Fig. 251 7) has been observed previously in volcanic rocks and is due to the formation 252 of dilatant microcracks [START_REF] Stanchits | Ultrasonic velocities, acous-453 tic emission characteristics and crack damage of basalt and granite[END_REF]Fortin et al., 2011) The decrease in P-wave velocities after high-strain-rate loading is spec-266 tacular, especially considering they were obtained on laboratory samples, 267 which tend to have higher P-wave velocities than those observed in the field 268 (Lesage et al., 2018b). Although our porous andesite samples were not pul-269 verized at high strain rates (as was the case for low-porosity granites; Doan 270 and Gary ( 2009)), the significant decrease in P-wave velocity (Fig. 7) and 271 the pervasively damaged and fragmented nature of the samples deformed at 272 rated into the gas-particle jet of a subsequent high-energy explosive eruption.

301

Finally, increasing the permeability (Tab. 1) and the surface area available 302 for fluid-rock interactions (Fig. 4) could encourage efficient hydrothermal al-303 teration, a process that could also further reduce the stability of the volcanic 304 flank or lava dome [START_REF] Heap | The mechanical behaviour and failure modes 393 of volcanic rocks: a review[END_REF]. 

Figure 1 :

 1 Figure 1: Split Hopkinson Pressure bars (SHPB) at ISTerre (Grenoble, France). (a) Schematics of the SHPB device and relation for the samples. (b) The four strain gauges glued along the bars (at 120 cm and 74.4 cm from the right end of the input bar, and at 29.7 cm from the left end of the output bar) record the strain wave. The wave propagation can be also modeled using 1D stress propagation. Sample is at location 0.
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  both bars: the bars have free edges and the sample is not reloaded. The 90 stress-strain curves of the first loading reflects the whole loading history 91 on the sample. By varying the striker length, the striker speed, the pulse 92 shaper, and the material of the bars, a range of strain rates and stresses can 93 be achieved.

Figure 2 :

 2 Figure 2: Strain-stress curves for andesite deformed quasi-statically (10 -6 to 10 -3 s -1 ; black curves) and dynamically (up to ∼ 370 s -1 ; gray curves).

109

  scope and a waveform pulse generator (see schematic provided in Heap et al. 110 (2014)) and a benchtop nitrogen permeameter (see schematic provided in 111 Heap and Kennedy (2016)), respectively. Both P-wave velocity and perme-112 ability were measured parallel to the sample axis and at ambient laboratory 113 temperatures. Volumetric flow rates were measured for different pressure 114 differentials to calculate permeability using Darcy's law and to check for 115 Klinkenberg and Forchheimer corrections. Due to the high permeability of 116 the studied andesite, a Forchheimer correction was applied in all cases. P-117 wave velocity was measured at ambient pressure and permeability was mea-Mechanical behavior at different strain rates 121 A total of 35 experiments were performed: 15 quasi-static and 20 dynamic 122 experiments. The stress-strain curves for all experiments are provided in Fig.1232. The stress-strain curves for the quasi-static tests (black curves) are similar 124 to those for porous volcanic rock deformed in uniaxial compression(Heap and 125 

Figure 3 :

 3 Figure 3: Influence of porosity on the peak stress of porous andesite deformed over a wide range of strain rate (10 -6 to 10 -3 s -1 ).

131Fig. 3

 3 Fig.3shows the peak stress as a function of porosity for all samples (if
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  Figure 4: X-ray computed tomographic slices (black and gray represent the porosity and rock, respectively) showing an intact sample (a) of the studied andesite and the failure modes at high (b-d) and low (e) strain rate.

Figure 5 :

 5 Figure5: Influence of strain and strain-rate (panels a and b) on the peak stress of porous andesite deformed over a wide range of strain rate (10 -6 to 10 -3 s -1 ). The damage classification for the samples tested at high strain rate was determined in two phases (visual macroscopic inspection and optional µCT imaging). All samples tested at low strain rate were fractured. Gray shade delimits the strain rate transition between fractured samples and compacted/fractured samples.

185Figure 6 :

 6 Figure 6: Increase of dissipated energy during loading as a function of strain. The samples that experience compaction/fracturing dissipate more energy than the samples who just endured fracturing.

  Change in failure mode at higher strain rates 211

Figure 7 :

 7 Figure 7: Relative change in P wave velocity as a function of (a) porosity, (b) strain rate, (c) strain, (d) dissipated energy.

224dynamically.

  These authors provided modeling to explain how the competi-225 tion between intragranular fracturing (i.e. grain crushing) and intergranular 226 fracture is resolved by kinetic effects. The stress intensity factor increases 227 as the axial stress increases, and fracturing can occur when the stress in-228tensity factor is grea ation process for intragranular processes, but at higher 229 stresses. Intergranular fracturing (i.e. macroscopic fracture formation) is 230 therefore favored thermodynamically but is inhibited kinetically, explaining 231 why compaction can occur at higher strain rates under uniaxial conditions 232(Aben et al., 2017b).

  shown that changes to permeability and P-wave velocity 235 following macroscopic failure are larger at higher strain rates (Tab. 1; Fig. 2367). Previous studies have shown that brittle failure in compression increases 237 the permeability of volcanic rock (
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Table 1 :

 1 Summary of the experimental results. "Compacted/Fractured" damage is labeled as "C/F". Some data were not recorded and the corresponding cells are left blank.

			Dimensions (mm)	Porosity	Vp (m/s)	Permeability (10 -13 m 2 )	Max Strain rate	Max strain	Max stress	Damage
		Sample											
			Diameter	Height	(%)	Pre	Post	Pre	Post	(/s)	(%)	(MPa)	Macroscopic	X-ray CT scan
		CLB1	20.06	20.47	18.23	3529	1712			196	1.13	42.6	C/F	C/F
		CLB2	20.09	20.21	18.23	4150	3853			58	0.38	31.5	Fractured
		CLB3	20.07	17.63	19.22	3236	3181			121	0..5	16.7	Intact
		CLB4	20.09	18.89	22.12	3072	1660			183	1.25	32.4	C/F	C/F
		CLB5	20.1	17.7	22.12	3106	1846			277	2.02	32.9	C/F	C/F
		CLB6	20.08	20.74	22.36	2861	2816			138	0.59	15.2	Intact
		CLB7	20.07	19.72	21.31	2594	1814			259	1.58	37.7	C/F	C/F
		CLB8	20.09	19.54	17.76	2832				224	1.59	52.5	Fragmented
		CLB9	20.08	18.61	20.49	2978	1505			369	3.23	30	C/F	C/F
	SHPB	CLB10 CLB11	20.11 20.1	20 20.53	18.86 22.01	3252 2793	2967 1251			201 213	0.78 2.56	36.8 32.8	C/F C/F	C/F C/F
		CLB12	20.12	18.78	21.2	2867	2834			57	0.51	25.1	Intact	Fractured
		CLB13	20.09	18.88	19.76	3120	2648			190	1.95	34.8	C/F	C/F
		CLB14	20.1	19.46	19.22	3050	2039			259	3	40.6	C/F
		CLB15	20.1	20.32	20.96	3040	2239	9.31	27.1	171	1.63	34.1	C/F	C/F
		CLB16	20.05	21.6	22.99	2980				233	3.5	22.4	Fragmented
		CLB17	20.11	20.12	17.37	2980	2668	2.76	6.22	153	0.79	38.6	Intact	C/F
		CLB18	20.13	18.34	18.91	3160	2810			67	0.58	30.7	Fractured
		CLB20	20.12	19.16	21.99	3250	2798			125	1.38	24	C/F
		CLB21	20.14	18.67	21.3	3120	2110			139	1.79	26	C/F
		LLB12	20.02	39.92	20.9			4.86	6.76	10 -4	0.74	26.6	Fractured	Fractured
		LLB15	20	39.75	24.15	2697	2583			10 -5	0.54	20.3	Fractured
		LLB18	20	40.01	21.37					10 -4	0.81	29	Fractured
		LLB19	20	39.99	21.07					10 -3	1.07	32.6	Fractured
		LLB21	20.02	39.87	20.2	2820	2509			10 -5	0.49	31.9	Fractured
		LLB22	19.99	39.68	21.65					10 -6	0.48	24.1	Fractured	Fractured
	Slow tests	LLB31 LLB34 LLB42	19.99 20.02 19.85	39.99 40.01 39.94	21.93 22.23 25.53	2656	2351			10 -6 10 -3 10 -5	0.46 0.96 0.44	22.9 28.3 18.3	Fractured Fractured Fractured	Fractured
		LLB44	20	40	20.87					10 -5	0.52	24.8	Fractured
		LLB46	20	40	21.72					10 -5	0.51	22.5	Fractured
		LLB48	19.88	39.95	26.76	2674	2579			10 -5	0.37	13.7	Fractured
		LLB51	20	40	21.97					10 -5	0.51	20.6	Fractured
		LLB52	20	40	22.4					10 -5	0.54	22.5	Fractured
		LLB53	19.86	39.97	25.38	2807	2531			10 -5	0.39	15	Fractured

-3 s -1 . The stress-strain curves for 127 the dynamic tests are similar to those for the quasi-static tests, although 128 the samples deformed dynamically were typically deformed to larger strains 129

  . The very

	253	
	254	large decrease in P-wave velocity (a decrease of up to 50%) following dy-
	255	namic loading to failure, not observed previously, is likely consequence of the
	256	pervasively damaged and fragmented nature of the samples deformed at high
		strain rate (Fig. 4). A decrease of 50% is higher than previously recorded

257

reductions in P-wave velocity associated with high strain rate damage. For 258 crystalline rocks, Aben et al. (2015) recorded P-wave velocity reductions up 259 to 30% for the diffuse fracturing associated with high strain rate damage. 260 Rempe et al. (2013) showed through subsurface seismic studies that veloc-261 ities in pulverized zones of the San Andreas Fault Zone (USA) can be as 262 low as 1 km/s, a reduction to 20% of the expected values for the granitic 263 protolith. 264 4.3. Volcanological implications of intense high strain rate damage 265

in a permanent decohesion that could severely weaken the rock units of the 274 volcanic edifice or the magma, both inside the conduit and above (e.g., the 275 lava dome).

276 Field measurements at Volcán de Colima show that the center of the 277 volcano exhibits similar decrease in seismic velocity at the kilometric scale, 278 extending down to 30 km (Escudero and Bandy, 2017). A decrease in P-279 wave velocity is sometimes attributed to an increase in temperature, due