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Correlations between rheological parameters and L-Box test
parameters of woody-debris suspensions

C.-D. Jan, L.-T. Nguyen

National Cheng Kung University, Tainan, Chinese Taipei, nltrang217@gmail.com

Abstract. Debris flows mobilize large volumes of water, sediment, and woody debris,
posing significant hazards to human communities and infrastructure. In forested areas
impacted by wildfires, the recruitment of woody debris into drainage channels is
accelerated, increasing the potential for more hazardous debris flows. Rheological
characteristics play a crucial role in understanding and simulating debris flow behavior.
Debris flows consist of complex and heterogeneous materials with particle sizes ranging
from clay to boulders. However, conventional rheometers are typically limited to
measuring the rheological parameters of debris flows containing only fine particles. The
L-box tests have been utilized to assess the flow behavior of woody-debris suspensions,
accommodating sediments with larger particles. This study investigates the relationship
between rheometer measurements and L-box test parameters for debris flows containing
woody debris. The tests were conducted using woody-debris suspensions, which are
mixtures of woody debris, clay, silt, and water. The rheological parameters of woody-
debris suspensions were measured using the “Brookfield DV-III rheometer”. The
rheological behavior of the sediment suspensions in this study follows the Bingham fluid
model. The rheological parameters, such as yield stress () and viscosity (), are affected
by the woody debris size (S,,) and woody debris proportion (C,,), with larger §,, and lower
C\g leading to decreased rheological parameters. The L-box test was performed using the
same woody-debris suspensions prepared for rheometer measurements, with flow height
(Hy) and flow distance (L) recorded. The results indicate that as woody debris size
increases and its proportion decreases, the flow height ratio (H,) decreases, while the
spread ratio (L,) increases. Furthermore, the results demonstrate a strong correlation
between the parameters obtained from rheometer measurements and those from L-box
tests for the woody-debris suspensions in this study. This suggests that the L-box test as a
practical alternative for estimating the rheological parameters of debris flows containing
larger woody debris.

Key words: rheological parameters, woody-debris suspensions, Bingham model, L-box
test
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Koppeasiuuu Mexkay peojiorndecKMMU NapaMeTpamMu U
napamerpamu tecta L-Box a4 cycneHn3uii ¢ 00J10MKaMHu JiepeBbeB

Y. 1. l3zans, JI.T. Hryen

Hayuonanvuwii maiieansckuii ynugepcumem 4on Kyn, Tatinanw, Taii6ot, Kumai,
nltrang217@gmail.com

Annotamusi. CeneBble INOTOKM MOOMIM3YIOT Oojbline OObEeMbl BOJBI, OCAIKOB W
JPEBECHOTO MYyCOPa, TIPEZCTABIISAS 3HAYUTEIBHYIO OIIACHOCTb IS YeJIOBEYECKUX COOOIIECTB
n nHQPacTpyKTyphl. B siecHBIX palioHax, 3aTpOHYTHIX JECHBIMH IOXKapaMH, IMOCTYIICHHE
JPEBECHOTO Mycopa B JIpEHaXKHbIE KaHAIbI YCKOPSETCS, 9TO YBEINYMBACT IMOTCHIMAI IS
OoJiee OMACHBIX CEJIEBBIX MOTOKOB. Peoyiormyeckne XapakTepUCTHKN WIPAIOT PEIIAIONIYI0
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PO B TMMOHMMAaHWU W MOJEIHMPOBAHUH MOBEACHHS CENEBBIX MOTOKOB. CeleBble MOTOKH
COCTOSIT M3 CIIOKHBIX W HEOAHOPOIHBIX MATEPHANIOB C pa3MepaMH YacTHIl OT TJIIMHBI 10
BamyHOB. OnHAKO OOBIYHBIE PEOMETPHI, KaK IPABHIO, OTPAHWYHUBAIOTCS HM3MEPECHHEM
PCOJIOTHYECKHAX MapaMeTPOB CENEBBIX MOTOKOB, COACPIKAIINX TOJBKO MEIKHE YaCTHIIBL.
Tectbr L-box mcrons30Baivch ISl OLIEHKHM MOBEJICHUS MOTOKA CYCIHEH3UH JPEBECHOTO
MyCOpa, BMEIAIOINX OTJIOKEeHUsI ¢ 0ojiee KPYITHBIMU YacTUIIaMH. B 3TOM nccienoBaHun
U3y4aeTcsi CBSI3b MEXK/y M3MEPEHUSIMHU peoMeTpa U apameTpamu Tecta L-box auist ceneBbIx
MIOTOKOB, COJEPKAalllUX JPEBECHBIH Mycop. TecTbl NPOBOAMINCH C HCIIOJIb30BAHHEM
CYCIIEH3HH APEBECHOTO MycOpa, KOTOPbIE IPE/ICTABIISIIOT COO0I cCMECH APEBECHOTO Mycopa,
TJUHBL, WIa W BOABL PeoJorndeckue mapaMeTpbl CYCIEH3WIH JApeBEeCHOTO Mycopa
M3MEPSUTUCh ¢ MoMotmipio peomerpa «Brookfield DV-III». Peonormueckoe mnoBeneHue
CYCHCH3WH OCaJKOB B JTOM WCCIICIOBAaHMH CJEAyeT MOJENH >KAAKOCTH buHTama.
Peonornyeckue napameTphl, TAKME KaK IPEJIEN TEKYIECTH (Tg) U BA3KOCT (44,), 3aBUCAT OT
paszmepa IpeBecHOro Mycopa (S,,) u 1o1u apeBecHoro mycopa (C,,), pu 5ToM 6onbumii S,
n Menpumid C,, TIPHBOAAT K CHIKEHHMIO PEOJIOTMHYECKMX mapameTpos. Tect L-box
MIPOBOAMJICS C UCIIONBH30BAaHUEM TEX JK€ CYCIICH3HMH IPEBECHOTO Mycopa, MOATOTOBIEHHBIX
JUISL M3MEPEHNI PEOMETPOM, C PETHCTPALMEH BBICOTHI MOTOKA (F;) M pacCTOAHHSA TTOTOKA
(Ly). PesynbraTsl OKA3BIBAIOT, YTO MO MEPE YBEIMUCHHUS pasMepa APEBECHBIX OCTATKOB U
YMCHBIIICHHSI MX JOJM OTHOIICHHE BBHICOTHI MOTOKA (H,) yMEHBIIaeTcs, B TO BpeMs Kak
OTHOIIEHWE pacmnpoctpaHeHus (L,) yBemmuuBaercs. Kpome TOro, pesynbTarsl
JEMOHCTPUPYIOT CIIBHYIO KOPPEILALUIO MEXIy IapaMeTpaMy, TIIONYYeHHBIMH U3
W3MEpPeHNH peoMeTpa, M MapaMeTpaMy, MOJTyIeHHBIMHA U3 TeCTOB L-boX Ia cycrieH3mi
JPEBECHBIX OCTATKOB B 3TOM HCCIICIOBaHUH. DTO TOBOPHUT O TOM, UTO TecT L-box sBiseTcs
MIPAaKTHYECKOM albTePHATHBON VIS OIICHKH PEOJIOTHUECKHUX MapaMeTpOB MMOTOKOB MYCOpa,
coJeprkaIux 0oJiee KPyIHBIE IPEBECHBIC OCTATKH.

Kniouesvie cnosa: Peonocuueckue napamempul, CycneH3uu 0pegechoco mycopa, mooeis
bBunexema, L-box mecm

Cebrnika ps nurupoBanus: [[3ans Y.JI., Hryen JL.T. Koppemsinuu mexay peoslorHuecKUMMHU MapaMeTpaMu U
napamerpamu Tecta L-Box s cycnensmii ¢ obnomkamu nepeBbeB. B ¢6.: CeneBble MOTOKH: KatacTpodbl, pHCK,
MPOTHO3, 3ammTa. Tpynasl 8-ii Mexmynapoanoi kondepenun (TOmmucn, ['pysus). — Ots. pea. C.C. Uepromoper,
I'.B. T'aBapnamsmimm, K.C. Bucxamxuesa. — M.: OO0 «I'eomapketunry, 2025, c. 197-204.

Introduction

In forested catchments affected by wildfires, large volumes of woody debris are
frequently introduced into drainage channels, altering the flow characteristics and increasing
flow mobility [Kean et al., 2011]. Understanding debris-flow behavior requires accurate
characterization of its rheology, the relationship between applied stress and deformation
especially for complex, heterogeneous mixtures. Rheology is a science that deals with the study
of fluid and deformation behavior of fluid. The rheological behaviors of sediment-slurry
mixtures are depended on sediment concentration, sediment type, and particle size distribution.
Many researchers have shown that the high concentration slurry mixture could be treated as a
Bingham fluid having yield stress and viscosity parameters [[verson, 2003, Jan et al., 2009,
2011, & 2018; Major & Iverson, 1999]. The researchers have been suggested numerous
techniques to measure the rheology of concrete, concentrated suspensions, thickened tailings
and paste fill, which behave as viscoplastic fluids [Bird et al., 1983; Utracki, 1988; Nguyen &
Boger, 1992; Schramm, 2000]. Nguyen & Boger [/992] mentioned two main methods of
rheology measurements; namely direct and indirect methods. In the indirect methods, yield
stress can be obtained from the shear stress vs. shear rate graph by extrapolating and in the
direct methods the yield stress can be obtained under static conditions (which is also known as
true yield stress). Specifically, the slump test has been applied as the indirect method to estimate
the rheological parameters of the mixtures with coarser particles by identifying the correlations
between rheological parameters and slump-spread parameters from the slump test [Jan et al.,
2009, 2011, 2018].
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Building on this framework, the present study investigates the rheological properties of
woody-debris suspensions using a rotational rheometer and compares the results with flow
characteristics derived from L-box tests. This study has two main objectives: first, to investigate
the influences of woody debris on rheological properties of woody-debris suspensions; and
second, to find the correlation between the rheological parameters and L-box test parameters,
so as to evaluate the potential of using L-box test to assess the rheological parameters.

Materials

In this study, woody-debris suspensions were prepared by combining a fine-sediment
suspension (C,r= 0.30) with various sizes (S,, =5, 10, 15, and 20 mm) and proportions (C,, =
0.00, 0.05, 0.10, 0.15, 0.20, and 0.25) of woody debris (Table 1). The fine-sediment suspension
was a concentrated clay-silt-water mixture, formed by mixing volumes of fine sediment (V)
and tap water (V) as:

—_n
Cy= Vit Vy (1

The fine sediment, sourced from reservoir deposits, was cleaned, dried, and free of
organic matter. Its particle size distribution (Fig. 1a) had a median diameter (Dj5,) of 0.0036 mm
and a density of 2.65 g/cm?® [Dey et al., 2021].
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Fig. 1. Size distribution of particles within the fine-sediment suspension (a) and woody debris attributes
in present experiments (b)

Woody-debris suspensions were created by mixing a volume (V) of woody debris (6 mm
diameter; lengths of 5, 10, 15, and 20 mm; Fig. 1b) with a fine-sediment suspension (Vf+ V)

to achieve a woody debris proportion (C,,). The corresponding debris densities were 0.36, 0.34,
0.33, and 0.32 g/cm? for the respective lengths.

Ve

G T ®

A woody-debris suspension, containing fine sediment and woody debris, has a total
sediment fraction of C,,:

__
Cvt Vg + V}'+ Vw (3)
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Table 1. Woody-debris suspensions and their corresponding sample numbers used in the present study

Woody-debris suspensions with a base fine-sediment fraction, C,; = 0.30

Proportion of woody debris, C,, 0.00 0.05 0.10 0.15 0.20 0.25

Total sediment concentrations, C.; 0.30 0.335 0.37 0.405 | 0.44 0.475

Sample No. for various sizes, S,,

5 mm W-0 W5-1 W5-2 | W5-3 | W5-4 | W5-5

10 mm W-0 W10-1 | W10-2 | W10-3 | W10-4 | W10-5

15 mm W-0 W15-1 | WI15-2 | W15-3 | W15-4 | WI15-5

20 mm W-0 W20-1 | W20-2 | W20-3 | W20-4 | W20-5
Methodology

In the present study, the experiments were conducted in two phases: firstly, woody-debris
suspensions were used as the tested material, and a traditional rheometer was used to measure
its rheology. In the second stage, the same suspension was used as the testing materials and its
flow behavior were measured by a L-box instead of a rheometer. The Bingham fluid model,
having two parameters (i.e., the yield stress and viscosity), was used to simulate the rheological
behavior of woody-debris suspensions:

T= 15+ g, “)

where 7 is shear stress (Pa), 7z is Bingham yield stress (Pa), 1, is Bingham viscosity (Pa‘s), and
v is shear rate (s™!). The rheological curves of woody-debris suspensions were measured using
the “Brookfield DV-III rheometer” and were shown in Fig. 2. The slope of each trend line in
the shear stress versus shear rate plot represents the viscosity coefficient. Subsequently, the
rheological parameters will be compared with the slump and spread measurements obtained
from the L-box tests to identify potential correlations.

Calibrated
spring

Guard leg

=— Container

Spindle

82.5 mm

Fig. 2. Schematic diagrams of rheometer measurement by a Brookfield DV-III rheometer

An L-box apparatus was used to evaluate the flowability and passing ability of woody-
debris suspensions. The device comprises a vertical section (H, = 0.3 m) connected to a
horizontal channel (L, = 0.7 m), separated by a sliding gate. The vertical section was filled with
suspension, and upon lifting the gate, the mixture flowed into the horizontal section. The slump
height (H,) and flow length (L) difference were measured to assess flow behavior under various
slurry conditions. The experimental setup is illustrated in Fig. 3. To evaluate the flow behavior
of the tested suspensions, the final slump height and flow length were normalized by the initial
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sample height (corresponds to the height of the vertical section Hj,). These normalized
parameters are referred to as the flow height ratio (H,) and the spread ratio (Z,.), and are defined
in egs. (5) & (6):

Hr = Hf/ H(), (5)

Lr = Lf/ HO' (6)
Based on the calculated H, and L, values, the relationships between the rheological
properties (e.g. yield stress and viscosity) and the flow behavior (e.g. flow height ratio and

spread ratio) were analyzed. By comparing the experimental results of the rheological
parameters and the L-box test parameters to assess their correlations.

0.3m

Sliding gate

Hy

End gate

H f * —_—

L

Lp=07m

Fig. 3. Schematic diagrams of a L-box test setup
Results
Rheological parameters of woody-debris suspensions

As illustrated in Fig. 4, a linear relationship between shear stress and shear rate is evident,
indicating that the suspensions examined in this study exhibit Bingham fluid behavior. For a
fine-sediment fraction C,, of 0.30 without woody debris (C,, = 0.00), the shear rate does not
exceed 20 s, and the corresponding shear stress ranges from approximately 12.4 to 18.1 Pa.
When woody debris is present, the shear stress increases with the proportion of woody debris.
Specifically, at Cyg 0f 0.05, 0.10, 0.15, 0.20, and 0.25, the shear stress ranges are 14.2~20.3 Pa,
16.1~22.9 Pa, 18.1~26.0 Pa, 20.3~29.6 Pa, and 22.6~34.2 Pa, respectively, as also depicted in
Fig. 4.

40

Woody-debris suspensions, C, 0
(€= 0.30; 8, =5 mm)

000 ® 005 4 010
* 015 % 020 @ 025

301

Shear stress, r (Pa)
[

0 4 b 12 16 20
Shear rate, y (1/s)

Fig. 4. Rheological relations of woody-debris suspensions with different C,, under the same C,, 0f 0.30
and S,, =5 mm

To further illustrate the Bingham fluid model, Fig. 5 displays that the mean values of the
rheological parameters, Bingham yield stress (z,) and viscosity (u ), of the woody-debris
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suspensions increase as woody debris proportion (C,,) increases and woody debris size (S,,)
decreases. Specifically, increasing the woody debris proportion enhances internal friction and
structural rigidity within the suspension, resulting in higher yield stress as more force is
required to initiate flow (Fig. 5a). The presence of woody debris also contributes to greater
energy dissipation, thereby increasing the viscosity, or resistance to shear deformation [Major
& Iverson, 1999, Bergeretal., 2011; Matioli et al., 2013]. Conversely, increasing woody debris
size at a constant volume fraction reduces the number of particles and their interparticle
interactions, weakening mechanical interlocking. This leads to a decline in both yield stress and
viscosity (Fig. 5b). In addition, larger particles interact less with the fluid due to their lower
surface area-to-volume ratio, further reducing internal resistance to flow [/verson, 1997;
Matioli et al., 2013].

23 0.70
Woody debris size, 5, : 1 | Woody debris size, S:
¢ Smm A 10mm < smmo A 10mm

s 2191 o 15mm O 20mm . 0.6259| © 1Smm O 20mm
o =
< g
& o = 0554
v =
0 -
= 174 S 04754
2z 2
- -
= =
£ 159 ';::u 0.40 4
g k5
@ 2

134 0.325 4 e

(a) (b)
11 T T T T T T 0.25 T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.00 0.05 0.10 0.15 0.20 0.25

Woody debris proportion, C,, Woody debris proportion, C\,‘2

Fig. 5. The effects of woody debris proportions and sizes on the rheological parameters of woody-
debris suspensions with C,,of 0.30

L-box test

The flow height ratios and spread ratios from the L-box tests under various conditions are
presented in Fig. 6. As shown in Fig. 6a, the flow height ratio slightly increases with higher woody
debris proportions and smaller particle sizes, while lower proportions combined with larger sizes
lead to a decrease. Conversely, the spread ratio exhibits an opposite trend, greater values are
observed with lower woody debris proportions and larger sizes, whereas higher proportions of
larger woody debris slightly reduce the spread ratio (Fig. 6b). These trends suggest that woody
debris content and morphology influence the deformation behavior and mobility of the
suspensions. The increase in flow height ratio indicates enhanced resistance to flow, while the
reduced spread ratio implies lower lateral mobility under more structurally rigid conditions.

0.13

Woody debris size. §,: (b)
<O Smm 4 10 mm

QO 15mm 0O 20mm

0.114 2.0

0.09

Flow height ratio, /,
Spread ratio, L,

0.07

Woody debris size, §,:

< Smm A [0mm
Z 15mm O 20mm

0.03

T T T T T T T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.00 0.05 0.10 0.15 0.20 0.25

Woody debris proportion, C,, Woody debris proportion, C,,

Fig. 6. The effects of woody debris proportions and sizes on the flow height ratio and spread ratio of
woody-debris suspensions with C,, of 0.30
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Correlations between the rheological parameters and L-box test parameters

The rheological parameters (the yield stress and viscosity) obtained from rheometer
measurements, L-box test parameters (flow height ratio and spread ratio) obtained from L-box
tests for woody-debris suspensions used in this study were compared as shown in Fig. 7. In the
above rheological and L-box test parameters models analysis, the values of R’ for the relation
of parameters of woody-debris suspensions ranges from 0.95 to 0.99. The R’ values greater
than 0.7 are considered as strongly correlated [ Cohen et al., 2003], as a result it implies that the

rheological parameters are strongly related to L-box test parameters.
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Table 2. The correlations between the rheological parameters and L-box test parameters of woody-debris

Spread ratio, L,

suspensions

Spread ratio, L,

7. Correlations between the rheological parameters and L-box test parameters of woody-debris

suspensions
Correlation model Coefficients of model Coefficient of
a b determination, R’
g =aHp +b 162.45 2.03 0.99
ty = ae Mk 0.14 12.03 0.95
g =alz +b -13.49 41.36 0.98
fy = aLp’ 1.29 -1.86 0.98
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Conclusions

This study conducted rheological experiments and L-box tests of woody-debris
suspensions that have Bingham fluid behavior, to explore the correlation between the
rheological parameters and L-box test parameters. The key findings and conclusions of this
study are summarized as follows:

1. The woody-debris suspensions at low shear rates (< 20 s™') exhibit the characteristics
of Bingham fluid.

2. The rheological parameters, including yield stress and Bingham viscosity, are
influenced by both the proportion and size of woody debris. Generally, larger woody
debris combined with higher proportions lead to increased values of these
parameters.

3. Higher woody debris proportions and smaller sizes tend to increase flow height
ratio, while lower proportions and larger sizes promote greater lateral spread ratio.

4. The rheological parameters show a strong correlation with L-box test parameters,
highlighting the potential of using L-box test as an indirect method for estimating
the rheological parameters of concentrated debris flows containing the large woody
debris.

Acknowledgements

The authors gratefully acknowledge the financial support provided by the National
Science and Technology Council, Taiwan (Project No.: NSTC 113-2625-M-006-013).

References

Berger C., McArdell B.W., Schlunegger F. Sediment transfer patterns at the Illgraben catchment,
Switzerland: Implications for the rheology of debris flows. // Earth Surface Processes and Landforms,
2011, 36(8): 1162-1178.

Bird R.B., Gance D., Yarusso B.J. The rheology and flow of viscoplastic materials. / Reviews in
Chemical Engineering, 1983, 1: 1-70.

Cohen J., Cohen P., West S.G., Aiken L.S. Applied Multiple Regression/Correlation Analysis for the
Behavioral Sciences (3rd ed.). Routledge, 2003.

Dey L., Jan C.D., Wang J.S. Effects of particle fractions on the Bingham yield stress and viscosity of
fine-coarse particle suspensions. // Journal of Mountain Science, 2021, 18 (11): 2960-2970.

Iverson R.M. The physics of debris flows. Reviews of Geophysics, 1997, 35(3): 245-296.

Iverson R.M. The debris-flow rheology myth. // In D. Rickenmann, C.L. Chen (Eds.) Debris-flow
hazards mitigation: Mechanics, prediction, and assessment. 2003, 1: 303-314.

Jan C.D., Chang Y.W., Kao F.H., Lo W.C. Effects of solid particles on the rheological parameters of
Bingham fluid. Journal of Chinese Soil and Water Conservation, 2009, 40(1): 95-104. (in Chinese).

Jan C.D., Kuo F.H., Chang L.Y. (2011). An experimental study on the time-dependent rheological
parameters for kaolin slurries. // Journal of Chinese Soil and Water Conservation, 2011, 42(3): 196—
206. (in Chinese).

Jan C.D., Hsu C.K., Yang C.Y. Study on rheological experiments and slump tests of kaolin slurries. //
Journal of Chinese Soil and Water Conservation, 2018, 49(2): 110-116. (in Chinese).

Kean J.W., Staley D.M., Cannon S.H. In situ measurements of post-fire debris flows in southern
California: Comparisons of the timing and magnitude of 24 debris-flow events with rainfall and soil
moisture conditions. // Journal of Geophysical Research, 2011, 116: 1-21.

Major J.J., Iverson R.M. Debris-flow deposition: Effects of pore-fluid pressure and friction concentrated
at flow margins. // Geological Society of America Bulletin, 1999, 111(10): 1424-1434.

Matioli A.S., Bezerra F.H., Costa C.L. Influence of woody debris on debris flow viscosity and flow
dynamics. // Geophysical Research Letters, 2013, 40(24): 6196—6201.

Nguyen Q.D., Boger D.V. Measuring the flow properties of yield stress fluids. / Annual Review of Fluid
Mechanics, 1992, 24: 47-88.

Schramm G. A practical approach to rheology and rheometry. Karlsruhe: Thermo Haake Rheology,
2000.

Utracki L.A. The rheology of two-phase flows. // In A.A. Collyer (Ed.), Rheological measurement, 1988,
p. 349-400.

204



	Part 1 Title pages_17.09.2025

