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Abstract

Root biomass and plant age have been recognized to influence the hydro-mechanical properties of root-permeated soils, but
its direct field observation was scarce. In this study, influences of Chrysopogon zizanioides (vetiver grass) of various plant
ages (up to 2 years) on soil-water retention curves (SWRCs), saturated permeability, specific water—retention capacity and
soil aggregate stability have been investigated. Undisturbed soil samples were obtained at different locations, representing
the root zone, upslope, and downslope from the vetiver hedgerow at three bio-engineered slopes in Western Thailand. As
root biomass increased, air—entry suction of soil slightly decreased, and porosity significantly increased due to the formation
of macropores and aggregated soil structure in the root zone (0—15 cm depth). Nevertheless, below the root zone (15-25
cm depth), the air—entry suction of soil increased with root biomass due to the occupancy of soil pores by roots. Saturated
permeability shows a positive correlation with plant age in the root zone, while a slightly negative correlation was found
below the root zone. The upslope and downslope soil samples showed a negative correlation due to the effect of sediment
trap. The specific water retention capacity and soil aggregate stability became higher in the root zone and positively cor-
related with plant age.

Keywords Soil bioengineering - Soil-water retention curve - Saturated permeability - Soil water retention capacity - Soil

aggregate stability - Vetiver

Introduction

Rain-induced shallow slope instabilities have become a fre-
quently occurring hazard in various countries around the
world [1]. In these slopes, shallow soil mass up to a depth of
1-3 m remains unsaturated during most time of the year. In
such case, the apparent cohesion induced by negative pore
water pressure, or soil suction, ensures the stability of the
slope [2—4]. During prolonged rainfall events, the excess
infiltration could create near-surface saturated zones which
diminish the matric suction. The shear strength would sub-
sequently decrease, resulting in shallow slope instabilities
[5, 6]. The use of structural measures such as surface and
subsurface drainage improvements to minimize infiltration
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and to lower the groundwater table, construction of retaining
structures to support collapsible mass, and internally stabi-
lized systems have long been used to prevent these slope
instabilities [7-9]. However, the application of vegetation for
slope rectification is becoming popular among geotechnical
engineers due to its low cost, aesthetic value, and sustain-
ability [10-15]. Trees, shrubs, grasses, and various kinds
of vegetation have been contributing to stabilize slopes for
years. The main functions of vegetation in reducing land-
slide risk of a slope can be attributed to hydrological [10]
and mechanical effects [11, 14], which are connected with
the hydro-thermo and mechanical processes taking place in
the soil [14-16]. Rainfall interception, evapotranspiration,
and reduction in volume and velocity of surface runoff are
some of the hydrological effects from vegetation. Hence, the
vegetation has a significant impact on the behavior of the
unsaturated zone of the slope subject to different climatic
conditions. A number of researchers have investigated the
mechanical effect of vegetation in enhancing the apparent
cohesion by means of reinforcing the soil [14, 17]. Indi-
vidual studies have shown different impacts of vegetation on
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soil-water retention behavior [18-20], permeability [18-21]
as well as soil aggregate stability (SAS) [22].

Vetiver grass (Chrysopogon zizanioides) is one of the
extensively used plants for soil bio-engineering in tropical
and subtropical countries [23-26]. Its applications vary from
providing total nature-based solutions to forming hybrid
systems as a component of structural measures. Normally,
vetiver grass is planted as hedgerows parallel to the slope
contours. The key feature of vetiver systems is its densely
populated fine vertical root system which penetrates as deep
as 3—4 m [27, 24-26]. Some recent studies have been aimed
to assess the impact of vetiver grass root system on slope
stability due to its efficacy for slope stabilization, reduction
of runoff erosive energy, and sediment trap [12-15].

To quantify the vegetation effect on slope stabilization,
the impact of the root system on soil hydraulic proper-
ties, i.e., soil-water retention curves (SWRCs), permeabil-
ity functions are essential requirements. The root system
has different effects during growing and decaying stages,
and it is essential to capture the effects of roots in both
stages [18]. Most studies show that actively growing roots
could decrease both infiltration and saturated permeability
[19-21], and decaying roots could increase these properties
by creating preferential flow paths and macrospores [19]. In
contrast, Leung et al. [28] recently reports that the growing
roots could also increase the saturated permeability of a soil
and plant age appeared to be a contributory factor. These
contradictory findings warrant further studies in this area.

Vergani and Graf [22] have attempted to correlate the
SAS with permeability using laboratory studies, but the
results indicated no correlation between soil aggregate sta-
bility and permeability, probably due to the inadequate plant
growth period. Significantly, Frei et al. [17] demonstrated
that SAS is a critical indicator of plant growth, soil erosion,
and it is directly related to the shear strength of the soil [17].
However, further studies are needed to investigate the impact
of plant age on SAS.

In general, root-induced changes in hydraulic properties
were frequently addressed using vegetated soil specimens
that were developed under laboratory conditions [19, 21].
Plants, however, may behave differently in the field than in
the laboratory-grown environment. Jotisankasa and Sirirat-
tanachat [19] and Leung et al. [28] have observed some vari-
ations in terms of root diameter, root biomass, and relative
root density subject to field and laboratory grown environ-
ment. In this study, an attempt has been made to assess the
hydraulic properties, namely soil-water retention curves
(SWRCs) and saturated permeability, of undisturbed soil
samples collected from three selected sites in which vetiver
grass has been grown as a measure of erosion control and
slope stabilization. The selected sites, which were natural
slopes, previously suffered from shallow slope instabili-
ties, have been rectified using hybrid mitigation measures
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involving geosynthetically reinforced soil (GRS) wall and
bio-slope stabilization. Failures of some GRS walls due to
soil erosion in the toe area has been reported in the literature
[29]. Vetiver grass system has thus been used to improve
slope stability and reduce soil erosion below the toe of GRS
wall in these studied sites. Soil erosion phenomenon has a
direct correlation with hydraulic flow behavior in root—soil
systems and SAS [30]. This paper investigates the impact of
root biomass and plant age on soil hydraulic properties and
soil aggregate stability, using in situ collected undisturbed
samples, which is seldom addressed by previous researchers.

Materials and methods
Materials

The materials used in this study were collected from side
slopes of a rural road in Thong Pha Phum National Park,
which suffered from mass movement and erosion in 2016 in
Kanchanaburi Province, in Western Thailand (Fig. 1). The
average inclination of the slopes with the horizontal plane is
45°. The road embankments were rebuilt using GRS walls
to ensure the stability of the eroded slopes, namely Ithong 1,
Ithong 2, and Ithong 3 where vetiver vegetation was also an
integral part of the rectification system. Out of these three
sites, Ithong 1 had the highest plant age (i.e., 623 days) at
the time of sample collection, while Ithong 2, and Ithong 3
had the plant ages of 218 days, and 91 days, respectively.
Sampling was conducted in both disturbed and undis-
turbed forms. Sampling locations were selected to represent
the differently grown root conditions. In order to obtain the
undisturbed soil samples, a driven thin-wall tube sampler
with a PVC liner inside, having an inner diameter of 63 mm
and a height of about 50 mm was used. Two different layers
were selected [upper layer (U): 0-15 cm and lower layer
(L): 15-25 cm], and three samples were collected from each
layer (Fig. 2). Two samples were collected at a distance of
20 cm from the vetiver plant representing both upper and
lower layers in upslope (A) and downslope (B) directions.
One sample was collected underneath the roots zone from
both upper and lower layers (R) (Fig. 2). Table 1 shows the
summary of sampling locations with sampling depths.
Disturbed samples were used to determine the basic soil
properties. Soils were classified in accordance with the uni-
fied soil classification system (USCS) (Table 2). Figure 3
shows the particle size distribution curves obtained for all
three sites. According to the USCS classification, Ithong 1
consists of poorly graded silty sand and samples collected
from both Ithong 2 and Ithong 3 are classified as poorly
graded clayey sand. They are all residual soil derived from
the same geological unit of weathered interbedded shale and
sandstone. Despite some variations in the fine contents of
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Fig. 1 Locations of studied
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Table 1 Summary of the

. Symbol Description Depth

sampling conducted
UA Obtained from 20 cm away from the vetiver plant in the upslope direction 0-15cm
UR Obtained from the root zone
UB Obtained from 20 cm away from the vetiver plant in the downslope direction
LA Obtained from 20 cm away from the vetiver plant in the upslope direction 15-25 cm
LR Obtained below the root zone
LB Obtained from 20 cm away from the vetiver plant in the downslope direction

soils (4-8%) at these three sites, they were of similar proper-  Testing methods
ties, mainly consisting of sand-sized particles.
Test specimens (63 mm in diameter and 30 mm in height)
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Table 2 Properties of the material collected from three sites

Property Site location
Ithong 1 Ithong 2 Ithong 3
Soil properties
Grain size distribution (%)
Gravel (%) (>4.75 mm) 27.9 36.4 352
Sand (%) (4.75-0.074 mm) 63.6 57.5 60.3
Silt (%) (0.075-0.002 mm) 5.47 2.56 1.06
Clay (%) (<0.002 mm) 3.00 3.57 3.14
Specific gravity (G) 2.72 2.74 2.73
Atterberg’s limits
Liquid Limit, LL (%) 22.9 25.7 30.0
Plasticity Index, PI 291 3.97 5.82
Shrinkage limit, SL (%) 2.65 3.34 6.56
USCS SP-SM SP-SC SP-SC
Dry density (kN/m?)
Upper layer
UA 14.24 14.13 16.53
UR 4.97 9.13 10.90
UB 15.09 13.85 12.31
Lower layer
LA 15.32 14.53 *
LR 14.29 13.03 13.67
LB 15.10 12.94 14.40
Vegetation properties
Plant age (days) (beginning age was counted when onsite planting 623 218 91
was completed)
Root biomass (kg/m3)
Upper layer
UA 0.059 0.322 0.057
UR 22.707 10.765 1.036
UB 0.196 0.337 0.186
Lower layer
LA 0.172 0.063 *
LR 0.486 0.245 1.241
LB 0.197 0.193 0.000

*The specimen LA of Ithong 3 contained gravel particles larger than 10 mm and thus their presence affected the SWRC results and therefore
omitted from interpretation. All the other samples’s gravel particles were smaller than 10 mm

were prepared to determine the SWRCs for the wetting
and drying paths. Miniature tensiometers (KU-T2 model)
[2—4, 31] (Fig. 4a) were used to measure the soil suctions
ranging from O to 80 kPa (Fig. 4). The wetting path was
followed in the SWRC test (Fig. 4b) in the suction range
between 0 and 100 kPa, which better represented the infil-
tration process during rainfall-induced landslide. However,
the drying path was followed for suction above 100 kPa to
obtain the complete SWRCs. It was noted that the soil suc-
tion as collected from the site for all samples was above 80
kPa. Therefore, samples were gradually wetted using a very
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fine water spray. Once the sample’s moisture content was
increased as required, the sample was covered tightly in a
sealed PVC container and cured 1-2 days for equilibration
of soil suction throughout the soil sample [2—4, 6, 19]. After
the suction was equilibrated, readings were taken, and the
soil specimen’s weight, dimensions were also measured for
all samples at each wetting stage to acquire the data points
of wetting SWRCs.

For the isopiestic technique (Fig. 4c) samples were equil-
ibrated with total suction in the order of 14,029, 23,645,
39,370, and 365,622 kPa using saturated salt solutions of
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Fig.3 Particle size distribution curves for Ithong 1, 2, and 3

BaCl,, KCl, NaCl, and NaOH, respectively [3, 32, 33]. The
attainment of suction equilibrium within a sample required
about three weeks for each suction increment at this high
suction range. The equilibrium was deemed to be reached,
once the sample mass did not change more than 0.005%/
day; thereafter, the final sample weight, dimensions and
total suction were recorded. Notably, rainfall-induced slope
instabilities normally involved suction values between 0
and 100 kPa, and therefore it was the tensiometer suction
measurement that was the main focus of this experiment.
However, to determine the curve fitting parameters based on
Gitirana and Fredlund [34] (i.e., the residual suction, etc.),
the isopiestic tests were conducted in a high suction range
above 10,000 kPa.

Once the specimen achieved a soil suction of less than
0.5 kPa, the sample was soaked for 7—10 days to obtain
a saturated sample (defined here as having the degree of
saturation greater than 95%) with zero soil suction prior to
the saturated permeability test. In this study, both constant

Tensiometer
-

head and falling head testing methods were adopted by
considering the fine content together with root content for
each sample [19]. The testing procedure to determine the
saturated permeability is similar to ASTM (2006) standard
D2434 for coarse-grained soils (constant head method)
and fine-grained soils (falling head method). To remove
the air bubbles from the soil specimen, all samples were
flushed with flowing water of about 1.5 m water head. Fur-
ther, samples were subjected to a pressure head of 1.5-2.0
m throughout the testing to simulate the field condition
with similar pore—water pressure when saturated or infil-
trated with rainwater [19]. Prior to and during the testing,
the water tightness of the system was carefully checked.

The trimmings of undisturbed soil samples were sieved
to the aggregate diameter size of 1-2 mm and subsequently
used for SAS testing. Before the test, soil specimens were
moistened slowly to prevent the slaking effects (i.e., aggre-
gate breakdown due to instantly wetting) using a closed
chamber with the vapor above the saturated NaCl solution
for 48 h, equivalent to vapor pressure at a field capac-
ity [35]. The soil samples were then sieved using a wet
sieving method with an opening of 250 pm at a constant
rate of 35 revolutions per minute (Fig. 5). The soil sam-
ples which were passed through the sieve were considered
unstable aggregate particles, and the retained soil parti-
cles were considered stable parts. Once the samples were
separated, stable soil aggregates were destroyed to obtain
sand particles, plant residues and organic matters by using
a high-intensity ultrasonic processor [35]. Both stable and
unstable samples were then placed in an oven at 105 °C to
obtain the dry stable weight (S) and dry unstable weight
(U). Equation 1 was used to calculate the SAS for each
sample.

S
$S+0)

%SAS = X 100.

ey

b

MEMs
pressure
sensor

Acrylic Tube

mic Filter

Fig.4 Photos of the experimental setup for obtaining SWRCs. a KU miniature tensiometer b suction measurement using KU miniature tensiom-

eter C suction control using isopiestic technique
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Fig.5 a) 250 um sieve set b)
wet sieve apparatus for SAS

Measurement of root contents

In this study, root mass in each sample were measured
directly in terms of “dry root biomass per soil volume”, pg
(kg/m?). After the completion of all unsaturated soil prop-
erty testing, sample was dismantled to measure the final
moisture content and root content of the soil sample. In order
to measure the root content, soil that was stuck with roots
were washed carefully with water and passed through sieve
number 20 (0.8 mm openings) to expose the roots. Roots that
were passed through No. 20 sieve was considered as small
and not included in root content measurements [19]. Roots
which were retained on sieve No. 20 were oven-dried at 105
°C overnight to determine the dry biomass (measured to the
precision of 0.001 gm) [36].

Results and discussions
Influence of roots on soil-water retention curves

Figures 6, 7, and 8 show the soil-water retention behav-
ior for various undisturbed soil samples following the wet-
ting and drying paths, which have different plant ages and
root contents. To identify the impact of roots on soil-water
retention behavior, different unsaturated soil parameters
were determined: air entry value (AEV) and slope of the
SWRC were obtained. AEV was obtained from the Gitirana
and Fredlund model [34]. According to all three sites, it
shows that all the samples that were obtained at the root
zone at the upper layer (UR) have lower AEV, likely due to
the large continuous voids of in situ soil, which are termed
macro-pores.

The saturated volumetric water content of the root zone
(UR) samples was clearly higher than the upslope (UA) and
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Fig.6 Soil water retention curves for Ithong 1 site a upper layer (U)
and b lower layer (L)

downslope (UB) samples, indicating enhanced water-hold-
ing capacity around the roots. As for the lower layer soils of
15-25 cm depth, which were of lesser root contents, the air
entry values appeared to increase as compared to the upper
layer, which may also result from the higher relative density
of the lower layer or roots occupying voids. Larger variations
in SWRCs of the lower layer soils in different locations (LA,
LR, and LB) can be observed and expected to be due to the
intrinsic variability of the soil at the site and not due to the
root effects.
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The SWRCs obtained tend to have bimodal distributions.
Hence, bi-modal SWRC equations proposed by Gitirana and
Fredlund [34] were applied in this study to obtain the best
fitting curves for SWRC as shown in Figs. 6, 7, and 8. This
model was selected, considering its clear physical meaning
with independent properties. As described in Fredlund and
Gitirana [34] degree of saturation, S mainly depends on nine
parameters, which are the SWRC features and the other one
is the suction, y,

90
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Fig. 8 Soil water retention curves for Ithong 03 site a upper layer (U)
and b lower layer (L)

S :f(q/hl’ Wresl’ Sresl’ WbZ’ Sh’ WresZ’ SresZ’ a, Smax’ W)’ (2)

where y,, represents the air—entry suction of the drying
SWRC or water—entry suction for wetting SWRC, y, . being
the residual soil suction, S, the residual degree of satura-
tion, and a is the sharpness of the transitions at bending
points. The subscripts 1 and 2 denote the two levels of soil
structures. S, is the degree of saturation at the air entry of
the second structure level. S, ,, is the maximum degree of
saturation upon soaking the sample during wetting which
can be less than 100%. Gitirana and Fredlund’s formula-
tion applies four hyperbolas to model the bimodal feature of
SWRC in log(y) — S coordinates. The degree of saturation
can be calculated as follows:

S =8 XS uxs 3)
* S =5 Sy =85 S3 =8,
S* = 7 + A + @ + S84 @)
1+ (uf/ \/Wleresl) 1+ (u// \/WrelebZ) 1+ <w/ \/WbZWresZ)
where,
tan 0,(1 + %) In(y /y®) , 1 + tan® 6, a?(1—r?tan? 6,
S, = ( ) — +(=1)x ( ) rl.zlnz(w/wi“)+¥+S?'

(1-r?tan6,) (1-r2tan6,)

(1 + tan6;) o
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; 5 = hyperbolas rotation angles;

r; = tan [(4,_, — 4;) /2| = aperture angles tangents;

The variations in void ratios, e, with suction, y, during
the tests were also calculated based on the measured volume
and soil mass (Eq. 5). They were then used to determine the
fitting curve for the volumetric water content—suction plots
in Figs. 6, 7 and 8 as follows:

B(y) = e(y)

= Te(q/)S(W)' o)

Influence of root biomass and plant age on air-
entry value suction

Figures 9 and 10 show the variations of air—entry value
(AEV) suction with root biomass and plant age, respec-
tively. According to Fig. 9, the upper layer samples, with a
wider range of root biomass (up to 23 kg/m?®), showed that
air—entry suction decreased slightly with root biomass (nega-
tive correlation, R?= 0.6946). This observation is similar to
the findings by [19], who tested vetiver grass in laboratory
conditions. This trend is believed to be due to the aggregate
structure of the soil in the root zone. In contrast, the lower
layer soil with a limited amount of roots (less than 1.5 kg/
m3) showed a positive correlation, i.e., increasing air entry
suction with root content, though with a poorer goodness
of fit (R?=0.3078). This trend is similar to findings by [20]
which represents actively growing roots without root decay.
Figure 10 shows a rather scattered (R*=0.0689 and 0.2156)
relationship for both upper and lower layers with respect
to plant age. In this instance, both layers show a positive
correlation between air entry value and plant age (Fig. 10),
but the confidence level is considered much lower than the
correlation with root biomass (Fig. 9). This is expected to
be caused by intrinsic variation between plants of similar
age. Accordingly, root biomass per soil volume is considered
a better index for quantifying root influence on AEV than
plant age.

Quantify the effect of root biomass on curve fitting
parameters of SWRC

Wi )
Ay = 0; A; = arctan (S;‘ - S;‘H ) /|In — = desaturation slopes;

¥

ST=1;8 = Seesrs

ngsh,SZZS

res2 S[sl = 0;
. _ . _ . _ . _ 6.
VS W WY = Wit W3 = Wis WY = Wres W5 = 107

a
Vit

d;=2exp [1/In .
J
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= weight factor; and j = 1,2, 3.

As explained previously, root biomass per soil volume is
considered a better index for quantifying root influence on
soil-water retention behavior than plant age. Therefore, to
incorporate the effect of roots on curve fitting parameters,
Jotisankasa and Sirirattanachat [ 19] modified soil phase dia-
grams were considered together with root biomass and void
ratio (e). The proposed relationship takes into account soil
grains, water, air, and roots (Egs. 6, 7, and 8):
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Table 3 Curve fitting

. Sample location a v, (kPa)  w.(kPa) S, wpkPa) S, VenkPa) S0 S max
parameters for soil-water
retention curves (SWRCs) Ithong 1—upper layer
UA 0.08 0.60 7.0 0.57 100 0.5 4000 0.00005 0.98
UR 0.10 0.25 0.90 0.40 60 0.37 2500 0.00001  0.98
UB 0.08 0.43 0.60 0.74 84 0.53 5000 0.0005  0.99
Ithong 2—upper layer
UA 0.05 0.15 0.40 0.75 220 0.46 7200 0.07 0.98
UR 0.09 0.15 0.25 0.55 80 0.44 5000 0.01 0.98
UB 0.09 0.20 0.55 0.70 60 0.58 4500 0.07 0.98
Ithong 3—upper layer
UA 0.07 031 2.0 0.64 42 0.62 5000 0.145 0.98
UR 0.08 0.30 0.80 0.60 200 0.43 2500 0.15 0.99
UB 0.12 030 0.50 0.60 100 0.57 4000 0.005 0.98
Ithong 1—lower layer
LA 0.10 750 10.0 0.62 200 0.48 3000 0.03 0.99
LR 0.09 120 6.5 0.50 70 0.57 2500 0.04 0.99
LB 0.09 0.30 2.0 0.64 200 0.49 2000 0.12 0.97
Ithong 2—Ilower layer
LA 0.03 0.22 0.80 0.68 80 0.52 5500 0.12 0.99
LR 0.09 0.50 22 0.50 100 0.47 4500 0.01 0.99
LB 0.08 0.20 0.30 0.68 220 0.43 4000 0.07 0.99
Ithong 3—Ilower layer
LR 0.05 0.75 5.0 0.65 150 0.44 3500 0.08 0.99
LB 0.05 0.65 1.20 0.78 200 0.35 1500 0.10 0.99
w, w, _ 2 _
o E _ VoV, -V, _ V- oo "Gy ©) a = exp(—2.6571 4+ 0.6260 Ine — 0.1131n p, (R = 0.34?922),
Vv Vv Vv ’
Wy = exp(—1.6732 + 1.0194Ine — 0.35711n pp)  (R* = 0.4780),
VoW W (9b)
Vv V- Vs - Vr [ex G.7,
e=— = = , @) Vi1 = eXp(—1.094 4+ 2.5545Ine — 0.84101n py) (R2 = 0.5133),
Vs Vs W,
GY, (90)
Spest = 0.7582 4 0.0014¢ — 0.1096p, (R = 0.7137),
o Vo _ (W=W,— W) 4 ) (9d)
|4 Y v’ Wy = 17119 — 17.2252¢ — 128.0507p,  (R* = 0.3029),
(%e)

where n defines as porosity; V is total volume; V,, is void
volume; V. is volume of soil particles; V, is volume of roots;
7,» 1s water unit weight; G, and G, are the specific gravity
of the soil grain and root, respectively; 6 is the volumetric
water content; V,, is water volume; W is total weight; W, is
weight of roots; Wy is weight of soil particles. The value of
root specific gravity was measured using the method similar
to Leung et al. [27] and found to be about 0.604.

Table 3 summarizes the curve fitting parameters used in
this study to construct the fitting curves in Figs. 6, 7, and 8.
To establish a correlation between the SWRC shape and root
biomass (pg) and void ratio (e), multiple linear regression
analyses are performed for each curve fitting parameters to
obtain the relationships as follows:

S, = 0.6115 + 0.0034¢ — 0.0932p, (R* = 0.5622), (9f)

Wresy = €xp(8.6329 — 1.1476Ine + 0.20191n pr)  (R* = 0.6125),

(C9)
Swes2 = €xp(=3.0616 — 8.8321Ine + 1.62211Inpp)  (R* = 0.3055),

(%h)
Smax = 0.9709 — 0.0018¢ + 0.01276p, (R* = 0.3571).

(%91)

The void ratio (¢) was derived based on the modified
phase relationships proposed by Jotisankasa and Siriratta-
nachat [19] to account for the presence of roots in a soil
and py, is the dry root biomass which is a unit dependent. It
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Fig. 11 Comparison between predicted and measured moisture con-
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Fig. 12 Water retention capacity at Ithong 1 site (plant age: 623 days)

can be seen that the correlation of y,;, S;eq15 Sp» and Yo
(Egs. (9¢), (9d), (91), and (9g) with void ratio and root bio-
mass were more satisfactory (of R? varies between 0.5133
to 0.7137), and hence it can be concluded that those SWRC
curve fitting parameters are dependent on the vegetation
properties. Nevertheless, the R? values obtained for other
curve fitting parameters (i.€., d, Wy, Wy, Spesn> aDd Sy, (Egs.
(9a), (9b), (9e), (9h), and (91)) were found to range between
0.3055 and 0.4780, suggesting only moderate correlations
amongst these parameters.

The volumetric water content during the SWRC test was
predicted based on the onsite vegetation properties (e and
pr) using the proposed relationship with the measurement
as shown in Fig. 11. Only the upper root zone results were
included in the analysis, while the results of lower layer soils
were omitted due to the heterogeneity of the latter that would
complicate the correlations. According to the obtained
results, it shows a good agreement (R*=0.9738) with an
error range of +2.49% volumetric water content based on
the 95% confidence interval. This approach can be used for
predicting SWRC based on the soil and vegetation proper-
ties (i.e., e and pg) to be subsequently employed for seepage

@ Springer
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Fig. 13 Water retention capacity at Ithong 2 site (plant age: 218 days)
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g. 14 Water retention capacity at Ithong 3 site (plant age: 91 days)

analysis of bioengineered slopes of varying plant ages and
root content in practice.

Specific water retention capacity

Specific (or differential) water retention capacity (cy)
describes the amount of storage or availability of water in the
soil samples. This is derived from the slope of the soil-water
retention curve, which is the change of volumetric water
content per unit change in matric water potential (Eq. 10)
[371;

_—do

Co = w (10)

where d6 is the change of volumetric water content in the
soil sample and dy is the change in soil suction with respect
to moisture change in the sample. Regression analysis was
used in this study to calculate the slope of the SWRCs.
The specific water retention capacity mainly depends
on the matric potential, soil’s wetness, soil texture, and
hysteresis [37]. Figures 12, 13, and 14 present the specific
water retention capacity for each undisturbed soil sam-
ple at the upper layer (0-15 cm). When compared with
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Fig. 15 Variation of saturated permeability with plant age at upper
layer (0-15 cm)

the UA and UB samples, root zone (UR) samples have a
higher water retention capacity to store water. Generally,
the specific water retention capacity of the root zone (UR)
from more matured vetiver plants (Ithong 1: 623 days and
Ithong 2: 218 days) was greater than that of younger veti-
ver (Ithong 3: 91 days). Theoretically, the steeper slope or
higher water retention capacity at a suction range of 0.1-1
kPa corresponds to a macropore size range from 1.5 to
0.15 mm, which was the same as the size of grass roots.
In general, vetiver grass is considered as one of the plants,
which have a higher water retention capacity [25]. Further,
as explained by Jotisankasa and Sirirattanachat [19], water
retention around the roots would also be a function of the
root exudation. These soil-plant—fungus interactions cre-
ate biochemical cementation in between the soil particles
and aggregates thus enhancing the water availability for
the plants [17, 19]. This conjecture will be confirmed with
SAS test results as will be presented later. Interestingly
though, the Ithong 2 UR sample has a slightly steeper
slope than Ithong 1 despite its younger age. The reason is
unclear, but probably due to the regrowth of vetiver plants
at Ithong 1 or natural variation among the plants.

Influence of roots on saturated soil permeability

Saturated soil permeability is a critical parameter in imple-
menting soil bioengineering rectification measures for slopes
[12, 13, 16, 38]. It directly influences the generation of run-
off and subsurface pore water pressure [10, 11]. Figure 15
shows the variation of saturated permeability with three dis-
tinct plant ages at the upper layer (0-15 cm). The saturated
permeability, k., is obtained from the conventional testing
methods (i.e., constant head and falling head apparatus).
Further, to prevent the uncertainty in saturated permeabil-
ity determination, the effect of temperature also was taken

1.E-03
1.E-04
1.E-05 y = 2E-060.0004x

0 R?=0.5469

1.E-06 A
y = 1E-06e 9504

R?=0.0567

1.E-07

1.E-08

Satuarted permebaility (m/sec)

1.E-09
0 100 200 300 400 500 600 700
Plant age (Days)

Fig. 16 Variation of saturated permeability with plant age at the
lower layer (15-25 cm)

into account and the standard temperature was considered
as 20 °C [39];

nr
Ky = k <_>
20 ’ Mo

Further, trend lines and error bars for the saturated per-
meability values were determined in both Figs. 15 and 16
by considering the 80% confidence interval [19, 40]. Inter-
estingly, k,, value of the root zone (UR) samples shows
a significant positive correlation (R*=0.9539) with plant
age as compared to the other two locations (UA and UB).
This finding agrees with those presented by Jotisankasa and
Sirirattanachat [19] and Leung et al. [28] who tested the
same grass (Chrysopogon zizanioides) and a willow spe-
cies (Salix viminalis tora), respectively, and found also a
positive correlation with the increment of root biomass and
plant age. This may be due to aggregated structure develop-
ing with plant age and preferential flow paths or cycles of
wetting and drying at the field. Preferential flow paths can
occur due to the channels formed by dead or decaying roots,
by decayed roots that are newly occupied by living roots and
around live roots. In addition, root architecture also influ-
ences the preferential flow path [41]. However, the saturated
permeability of UA and UB samples comparatively follow
a negative correlation as compared to UR samples. This can
be a consequence of the sediment trap at these two locations.
In general, vetiver grass is categorized as one of the effec-
tive plants in trapping sediments [25]. Therefore, saturated
permeability at these two locations (UA and UB) tends to
decrease with time as more sediments were trapped behind
the vetiver hedgerow.

Figure 16 shows the variation of k, with plant age for
the lower layer (15-25 cm). In this study, the value of kg, at
all three locations (LA, LR, and LB) follows a similar trend,
a slightly negative correlation with plant age, although a

an
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Fig. 17 Variation of soil aggregate stability (SAS) with plant age

goodness of fit was generally lower. This may be due to roots
occupying soil pores and natural variations between these
sites. All in all, the smaller saturated soil permeability of the
lower layer would be beneficial in terms of slope stability
since it would inhibit the deeper infiltration that would con-
sequently increase pore—water pressure at a greater depth.
In contrast, the increase in saturated soil permeability of the
root zone of the upper layer would provide benefit in terms
of soil erosion control by reducing the runoff.

Influence of roots on soil aggregate stability (SAS)

Figure 17 shows the variation of SAS with plant age for
three distinct site locations. Error bars for the SAS have been
constructed corresponding to the 95% confidence interval
[40]. SAS values in the root zone (UR) samples are higher
as compared to the other two locations (UA and UB). This
confirms the root exudation explanation presented earlier.
During the exudation process, it releases a polymeric gel,
which decrease the mobility or clay colloids [19], and this
gives rise to the strength and cohesiveness of soil aggregate
resistant to breakdown due to natural or manmade forces
[35]. Further, SAS can be used as an indicator that represents
the soil resistance to runoff and soil erosion [17].

Conclusions

Understanding the influence of vegetation on unsaturated
soil properties is of great importance when studying about
rain-induced shallow landslides and implementing soil
bioengineering techniques for slope mitigation. This paper
examined the effect of vetiver grass on unsaturated soil prop-
erties [i.e., soil-water retention curves (SWRC), saturated
permeability] and soil aggregate stability with various root
contents and plant ages in bio-engineered slopes in Thailand.
The following conclusions can be drawn from the study.

@ Springer

The experimental results exhibited that the vetiver roots have
a direct impact on the unsaturated soil properties. Air—entry suc-
tion slightly decreased and porosity significantly increased as a
result of increase in the root biomass, and subsequent formation
of macropores and aggregated soil structure in the root zone
(0—15 cm depth). Nevertheless, in the lower layer of the root
zone (15-25 cm depth), the air—entry suction increased with root
biomass due to the occupancy of soil pores by roots. Saturated
volumetric water contents were clearly higher around the roots
(in both upper and lower layers) as compared to other locations
which indicated the improved water holding capacity. A larger
variation was observed in the SWRCs in lower layers due to the
intrinsic variability of the soil, although the air—entry suction
tended to increase with root biomass.

The soil-water retention curves (SWRCs) were found
to be influenced by the void ratio and root biomass. The
correlations between the SWRC features (e.g., water—entry
suction, residual soil suction, etc.), the void ratio and root
biomass were determined using multiple-linear regression
analysis. Saturated soil permeability was positively corre-
lated with plant age in the root zone, while below the root
zone showed a slightly negative correlation. The upslope
and downslope soil samples showed a negative correlation
due to the effect of sediment trap. The specific water reten-
tion capacity and SAS became higher in the root zone and
positively correlated with plant age.
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