Directional crack propagation in drying pro cess of wet gran ules T.Mizuguc hi and A.Nishimoto Departmen t of Physics, Kyoto Univ ersit y , Kyoto 606-8502, JAP AN S.Kitsunezaki Departmen t of Physics, Nara W omen’s Universit y , Nara 630-8506, JAP AN Y.Y amazaki Institute for Nonlinear Sciences and Applied Mathematics, Hiroshima Universit y , Higashi-Hiroshima 739-8526, JAP AN I.Aoki LFMI, NINDS, NIH, USA ABSTRA CT: P attern formation phenomena of crac k observed in drying pro cess of w et granular materials are in v estigated. With some combination of granular material and liquid, non uniform shrink age induced b y drying pro cess causes crack formation of bulk sample in several wa ys. Esp ecially , directional crac k propagation and columnar structure formation are observ ed in the exp eriments. Measuremen t of water con ten t distribution during drying pro cess sho ws an existence of front at whic h crac k tips lo cate. 1 INTR ODUCTION The study ab out crack pattern is old topics for en- gineering and physics. The elementary pro cess is, ho w ev er, fracture whic h is highly nonlinear phe- nomena and is not w ell understo o d from theoret- ical and exp erimental view (W alk er 1986). Mud crac k sho wn in tidal land is considered to b e made b y non-uniform volume change when it dries. As the simplest exp eriments, mixture of granular ma- terial and liquid in a con tainer shows pattern for- mation of cracks during drying pro cess (Grois- man 1994). Recently , M � uller rep orted tw o t yp es of cracks and that columnar structure with p olyg- onal cross section is formed with starch-w ater mix- ture(M� uller 1998a; M � uller 1998b). They analyzed the �nal crac k pattern using X ray tomograph y and discussed the relationship b etw een the struc- ture observ ed in basalt columns and them. W e used the same combination of materials and found the columnar structure, indep endently . In this letter, we rep ort exp erimental results of crac k formation pro cess of starch-w ater mixture of drying pro cess. In Section 2, static patterns ob- serv ed in thin and thick sample after drying pro- cess is introduced. Dynamical b eha vior of w ater con ten t distribution is shown in Section 3. 2 ST A TIC P A TTERNS 2.1 Setup Mixture of granular material(starch) and liq- uid(water) is p oured into the con tainer which up- p er side is left op en and is settled into constant temp erature and h umidit y environmen t. During drying pro cess, the mixture starts to shrink and cracks emerge and form patterns. When the wa- ter con ten t of mixture equilibrated with the envi- ronment, the drying pro cess and the developmen t of crac ks �nished. The dominan t factor of the ex- p erimen ts are the sp ecies of granular material and liquid, depth of mixture, the surface condition of container, temp erature and humidit y . W e p erform exp erimen ts with changing the depth of sample to see the depth dep endencies of crack pattern. 2.2 Thin case The mixture consists of corn starch (50g) and dis- tilled w ater (50g) and the container is glass Petri dish (160mm diameter) settled in air conditioned ro om (temp erature: � 20 � C and humidit y: � 35%). The depth of sample is ab out 5mm. Crack pattern was recored b y the video camera from the ab o v e and analyzed by the computer. Typically , in the �rst one or t w o days (dep end- ing on the conditions) no crac k is observed. After 1 that, straight cracks run sequentially and make cel- lular patterns. Later, another kind of cracks which is more sinuous compared with the straigh t one emerges. W e named the former and the latter t yp e 1 and type 2, resp ectively . Figure 1: Crack pattern of thin sample. (a) Long shot with transparen t light and (b) close-up (25mm � 25mm) with re- ected light. Two kinds of cracks, type 1 and t yp e 2, are observ ed. The former is smo oth and the latter is sinuous. Figure 1 sho ws t ypical pattern and its close up from ab ov e. By comparing with the image b y transparen t light and re ected one, it b ecomes clear that type 1 has no three dimensional struc- ture while t yp e 2 evolv es and the crack netw ork c hanges its shap e along v ertical direction (, i.e. z axis). In most cases with other granular materi- als, e.g., magnesium carb onate, only type 1 is typ- ically observed. Within our trials, t yp e 2 crac k is observ ed only with starches. Ab out type 1, the for- mation mechanism of crac k and morphology is well studied(Groisman 1994; Kitsunezaki 1999; Leung 1997). F or example, the av erage cell area divided b y t yp e 1 crack is prop ortional to square of sample heigh t. T yp e 1 is pro duced b y the stress concen tra- tion comes from the di�erence of con traction ratio betw een mixture and container and the friction b e- t w een them. W e fo cus on the structure and dynamical b e- ha vior of type 2 crack, and therefore use deep er sample in order to eliminate the t yp e 1 crac k in the next exp erimen ts. Figure 2: Thick sample (broken manually). Sample heigh t is 50 mm. 2.3 Thick case The setup of exp erimen ts is changed geometrically , i.e., the depth of sample is 20mm or deep er. And to suppress the adhesive e�ect with side walls, T e on b eak er is used. The temp erature is con trolled to 40 � 2 � C by thermostat. Figure 2 sho ws t ypical thick sample, brok en manually after drying pro cess to see its internal columnar structure. T o observ e their cross sections in detail, the sample is solidi�ed by ep o xy resin containing dy e. By cutting o� the surface with lathe, horizontal and v ertical cross sections can b e recorded by video camera or optical scanner. Figures 3 show t ypical v ertical and horizon tal sec- tions. Figure 3: (a) V ertical section parallel to the z axis. Sample size 20mm � 25mm. (b) Horizontal cross section at 11.6mm depth from the surface. Diameter of sample is 40mm. V ertical section sho ws that columnar structure is recognized and their size fats along z axis. Hor- izontal section clearly indicates p olygonal struc- 2 ture. The p olygons are not completely regular and there exist cracks whic h end at single hand v ertex. By scraping o� the surface gradually , a set of con- tin uous cross sections along z axis is given. The net w ork of cracks change its shap e along z axis by reconnection pro cess. As a quantit y whic h characterizes crac k pat- terns, we measure total crac k length L by digitizing and thinning the images at eac h depth. Figure 4 sho ws depth dep endency of L. It is clear that L de- creases (and a v erage size of columnar increases) to some depth. The tw o short lines in �g. 4 show thin- ner samples (10mm). The coincidence of the four line near the surface insists that L dep ends not on the sample thic kness but on the distance from the surface. The reason for increase of L at lo w er part ma y accoun t for another crac k fron t comes from bottom and side. Figure 4: Depth dep endency of total crac k length L. Sam- ple height is 20mm for data1 and 2, and is 10mm for half data1 and 2. These results suggest that type 2 crac k is made b y stress concen tration due to the lo cal shrink age b y water ev aporation pro cess from the surface. In the next section, we observ e spatial distribution of w ater conten t of samples during drying to con�rm it. 3 D YNAMICAL BEHA VIOR 3.1 Setup T o observe the dynamical b ehavior of cracking pro- cess, the sample is settled in MRI instruments with constan t temp erature. The initial sample size is 28.5mm diameter � 27mm height. Spatial distri- bution of water of sample is measured contin uously during drying. 3.2 Results Figures 5 show snapshots of water distribution of one sample at 71 hours later from starting of dry- ing pro cess. Figure 5(a) is a v ertical cross section and (b),(c) and (d) are horizontal cross sections at Figure 5: (a) V ertical and (b)(c)(d) horizontal sections during drying. Gra y scale represents lo cal water conten t. In (a), \S" and \B" denote the p osition of the surface and the b ottom, resp ectively . \(b)","(c)" and \(d)"indicate the p osition of horizontal sections corresp onding �gures in right column. 13 mm, 11 mm and 9 mm from the b ottom, resp ec- tively . Figure 5(a) indicates that the low er part of sample is wet while the upp er part is rather dried and a front of water conten t is recognized around 11 mm depth. F rom �gures 5(b),(c) and (d), p olyg- onal structure emerges at the front b et w een w et and dried region and well developed ab ov e the front. As drying pro cess go es, the w ater conten t front sweeps the sample down w ard. The p osition of water conten t front and of emergence of p olygo- nal structure is well coincide with eac h other dur- ing drying pro cess. These observ ations insist that type 2 crack is induced by stress concen tration due to w ater con ten t front. 4 CONCLUSIONS In this letter, we study the structure and dynam- ics of t yp e 2 crac ks observed in starch-w ater mix- ture and water conten t distribution. It is concluded that crac k fronts mov e together with water conten t front (or \sho c k"). Ev en in p orous media, deriv a- tive of w ater distribution b ecomes smo oth with 3 depth (and time) for drying pro cess. This result is qualitativ ely consistent with the z dep endency of L (or columnar size) b ecause stress concentration is considered to b e prop ortional to the gradien t of local volume change. Related and fascinating phenomena of crack propagation due to \sho c k" is columnar structure of basalt in geology (F olley 1694), ho w ev er, its beautiful structure and dynamics are not fully un- derstoo d up to this time(Lac hen bruc h 1962; Aydin 1988; Hsui 1989). There are some other examples of crack propagation due to thermal sho ck for glass (Bahr et al. 1996; Y use 1997; Ronsin 1997) or ce- ramics(Korneta et al. 1998). They discussed the depth dep endencies of interv al of crac ks for tw o di- mensional cases. Extensions for three dimensional systems is required. In v estigations ab out suc h crack formation pro- cesses are starting(Leung 2000). F urther detail studies, such as rheological and/or p orous prop er- ties, may clear necessary conditions to form type 2 crack. REFERENCES Aydin, A. & Degra�, J. (1988). Ev olution of p olygonal fracture patterns in lav a ows. Sci- ence 239, 471. Bahr, H.-A. et al. (1996). F racture mec hanical analysis of morphological transitions in ther- mal sho c k crac king. F racture Mec hanics of Ceramics 11, 507. F olley , S. (1694). An accoun t of the gian t causw a y in the north of ireland. Phi- los.T ransact. (212), 170. Groisman, A. & Kaplan, E. (1994). An exp er- imen tal study of cracking induced by desic- cation. Europh ysics Letters 25(6), 415. Hsui, A. (1989). Possible consequences of a uid dynamic origin for columnar joints in basalts. Arc hs.Sci.Genev e 42, 425. Kitsunezaki, S. (1999). F racture patterns in- duced b y desiccation in a thin lay er. Physical Review E 60(6), 6449. Korneta, W. et al. (1998). T opological and ge- ometrical prop erties of crack patterns pro- duced b y the thermal sho ck in ceramics. Ph ysical Review E 57(3), 3142. Lac hen bruc h, A. (1962). Mec hanics of thermal con traction cracks and ice-w edge p olygons in p ermafrost. Sp ec.Pap.Geol.Soc.Am. 70, 69. Leung, K. & Andersen, J. (1997). Phase transi- tion in a spring-blo ck mo del of surface frac- ture. Europh ys.Lett. 38, 589. Leung, K. & Neda, Z. (2000). P attern forma- tion and selection in quasi-static fracture. Phys.Rev.Lett 85, 662. M � uller, G. (1998a). Exp erimen tal sim ulation of basalt columns. J. V olcanology and Geother- mal Research 86, 93. M � uller, G. (1998b). Starc h columns: Ana- log mo del for basalt columns. J. Geophys. Res. 103(B7), 15239. Ronsin, O. & P errin, B. (1997). Multi-fracture propagation in a directional crac k growth ex- p eriment. Europhys. Lett. 38, 435. W alk er, J. (1986). Crac ks in a surface lo ok in- tricately random but actually dev elop rather systematically . Sci. Am. 255, 178. Y use, A. & Sano, M. (1997). Instabilities of quasi-static crac k patterns in quenc hed glass plates. Physica D 108, 365. 4