193

Management of compaction during harvest oPinus plantations in
Queensland: Ill. Preliminary investigation of the potential for selected soil
parameters to predict rut compaction

A. Costantini and D. Doley

C/- The Manager, Forest Development Branch, DPI Forestry, MS 483,
Gympie. Queensland 4570, Australia

Revised manuscript received 20 July 2001

Summary machinery operations should be suspended and/or re-scheduled
to compartments where compaction damage is not expected.

An assessment has been made of the potential of three soil

parameters to predict compaction risk in the coastal lowlands\G¥iables used in prediction models for compaction can be
south-eastern Queensland. The experimental strategy involvétgasured or modelled, and include soil parameters that
(i) operating a ground-based harvesting/extraction system ifluence the extent of compaction such as soil moisture content
low-soil-strength conditions to achieve a range of ruttingnd strength, landscape position, and climatic factors affecting
depths; (i) assessing pre- and post-compaction soil moistu$gil moisture content such as rainfall and evapo-transpiration.
cone penetration resistance and shear vane resistance; andl@iie useful for operational field managers, model variables
investigating the relationships between both pre- and po§fould be easily, reliably and economically measured — and be

compaction characteristics of these soil parameters afiéiongly correlated with compaction risk. In this paper, three
observed rut compaction. commonly measured soil physical parameters — soil penetration

resistance, shear vane resistance and soil moisture content — are
The magnitude of rut compaction was positively correlated witkssessed for their utility in predicting risk of soil compaction.
pre-compaction soil moisture content and negatively correlated
with pre-compaction penetrometer resistance and prét order to assist harvesting planning, prediction models for
compaction shear vane resistance. Soil moisture appeared té®@paction would either: (i) replace or supplement presently-
the most sensitive of the three soil parameters tested Yped guidelines for identifying when compaction risks are
discriminating between rut compaction depths, and corighacceptable’; or (i) specify maximum ground pressures,
penetrometer resistance the least - though differences betwégfined as types of machinery x passes, that a specific soil can
the three were modest. The ability of the three soil parametdfhstand under a range of strength (Wroregkal 1990) or soil
tested to discriminate between different levels of rut compactidiPisture (Wronski 1985; Gupta and Allmaras 1987) conditions.
decreased greatly as average rut depths increased above 51¢Hg. paper is not concerned with the more complex empirical
Rut compaction prediction models based on these séfiroehlich 1980) and process-based (Gupta and Allmaras 1987,
parameters would therefore provide a much higher degreeRghavaret al 1990; Wronskeet al 1990) models that can be
confidence in predicting rut deptk§ cm than in predicting ruts Used to assist harvesting planning at a macro-level, for example,

depths>10 cm — the level used for controlling field operation0: (i) determine the appropriate size of mill-yard log inventories
in Queensland. relevant to a particular harvesting/extraction system, (ii)

determine the likely number of days that harvesting/extraction
Development and calibration of rut compaction predictiowill not be permitted for a range of alternative systems; and/or
models for use in the coase-textured soils of the coas(dl) delineate compartments least susceptible to excessive
lowlands in south-eastern Queensland are discussed. compaction, so that they can be divided between various
purchasers.
Keywords:soil compaction, logging machines, logging effects,
site, soil types, mathematical modeBinus Queensland, Methodology

Australia
The experimental strategy involved: (i) operating a ground-

Introduction based harvesting system under low soil strength conditions to
achieve a range of rutting depths; (ii) assessing pre- and post-

Alternative approaches to controlling soil compaction duringompaction soil moisture, cone penetration resistance and shear

forest harvesting in periods of low-soil-strength were presentgéne resistance; and (iii) investigating the relationships between

in Paper | of this series (Costantini and Doley 2001).Fious both pre- and post-compaction characteristics of these soil

plantations established on the coastal lowlands of south-easteanameters and observed rut compaction. The definition of

Queensland, year-round harvesting operations are permittedceptable’ compaction used in this investigation is the same as

providing excessive compaction does not occur. Two systethgit presented in Paper I: namely, rutting depth should not

for objectively assessing excessive soil compaction weexceed 10 cm over an accumulative distance of 10 m in every

canvassed, viz: (i) predictive models; and (ii) reactivé00 m of rut.

approaches. In the former, predicted compaction, and in the

latter, observed compaction (rut depth), are compared with a

criterion of ‘acceptable’ compaction in order to determine when
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The study area was located in a 24-year®idus elliottii
plantation located at Toolara (*52'E; 2600'S) on the coastal a. 3 cm rutting depth
lowlands of south-eastern Queensland. A Semiaquic Podo: 3T
soil type (after Isbell 1996; Uc2.35 after Northcote 1979 - Tabl 44 [ pre-compaction
1) was selected because of its tendency to experience short-t | penetration 3 + post-compaction
saturation in the upper ‘B’ and lower ‘A’ horizons, ranging from | resistance
several days to several weeks. In this soil type, saturation occ (MPa) '
as a consequence of layers of low permeability within the ‘E i
horizon, impeding substrate layers and/or periodic intrusion 0+ f = f t i
seasonal ground watertables (see also Isbell 1996), and car 0 100 200 300 40 3%
. . Depth (mm)
aggravated by interflow from upslope areas. When eith
saturation or near-saturation occur, soil strength decreases . b. 5 cm rutting depth
the risk of unacceptable compaction damage during harvesti 5 i
s N S BEEE TR pre-compaction
increases. a4 .
post-compaction .
Table 1.Classification and physical characteristics of the study soil "e".e'::ﬁc'" T
resistance e
(MPa) T >
Horizon  Depth  Texture Structure Organic Particle size analyses (%) 1+
{cm) carbon (%)  Clay Silt Fine Coarse 0 4 + b : i
sand _ sand 0 100 200 300 400 500
Depth (mm)
All 0-35 SL Massive 1.79 5 10 52 33
. ¢. 10 cm rutting depth
Al2 35-50 LS Massive 0.38 4 12 58 26 = i ) . .
A2l 50-65 LS Massive 0.4 9 1 28 3 Fg.ure 1. Prgflle volumetric mo_lsture c_ontents of the six study sites
A2 65-80 LFS  Massive 4 which experienced rut compaction to different depths (n = 6)
B21 80 * Massive *

rut, while post-compaction characteristics were measured in the
rut. The penetrometer used was a 0 - 5 MPa, Rimik CP20 Cone
Penetrometer which had a°3@2.5 mm diameter cone at the
base, and was operated with the insertion speed alarm set at 2.0
m minute'. The shear vane instrument used was a 0 - 100 kPa,
At the time of the study, the plantation was due to be thinn&gonor H-60, hand-held Vane Tester with a 10 mm diameter, 0.5
using a system which removed every fifth row of trees, dR extension rod; and a 20 x 40 mm vane. Six measurements at
outrow, together with selected trees from the remaining rows, 1R, 20, 30, 40 and 50 cm depth were made at each site. When
order to achieve a stocking reduction from 1100 to 750 tre@#her instrument struck a root, that reading was discarded and
hat. The thinning system was based upon a mechaniza@other taken.

harvester (Valmet 901 Feller buncher; 14 tonne tare; 4 tyres 2
- 26; all with 0.21 MPa pressure) and a forwarder (Kockums
- 35 Forwarder; 20.2 tonne tare, with a 20 tonne load; front t
tyres 30.5 - 32; rear four tyres 20.5 - 28; all tyres with 0.22 M
pressure). Both machines passed down the outrow.

. Notes: -+ SL = sandy loam; LS = loamy sandy; LFS = Toamy fine sand: # weak to moderately cemented
pan: * moderately cemented coffee rock pan.

This profile overlaid a mottled, sandy clay loam, in what appeared to be a distinct soil type.

%sults

urface soil characteristics of the six sites following a single
a

pass of the harvester and a round pass of the forwarder are
shown in Table 2. The forwarder was primarily responsible for
ée)laserved compaction at all sites: Even at sites where 25 cm ruts

The area was deliberately harvested under conditions of low )
strength in order to achieve a range of average rutting depti§"€ formed, the harvester was not observed to break the soil

Six sites were selected to sample average rutting depths of S#face.

1_0’ j_'5’ 20 and 2_5 cm. Harvesting/extraction operations at e%@le 2. Surface condition immediately following vehicular passage
site involved a single pass of the harvester and a round pf§Sarious rut depths

(down empty, up full) of the forwarder. Profile volumetric
moisture contents at the time of the study for the six sites ¢
shown in Figure 1. Two additional sites, which experience
average rutting depths of 10 and 15 cm, were also selected,
exposed to a second-round pass of the forwarder.

Rut depth (em) Surface condition following vehicular passage

Depression only; surface litter cover of Pirus needles intact
Ruts occasionally ‘cut’ the surface soil; needle cover larpely
Rut depth was measured as average depression of the min intact
soil below the original ground level along a 3 - 5 m length of ru
and for the deeper ruts, involved measuring through free wa
(soil/water solution) until reasonable resistance to the ruler w
felt. Note that due to the need for a ‘point estimate’ of rut dept
this definition differs slightly from that detailed above for
‘acceptable rut compaction’. At each of the eight sites, six pr
and post-compaction measures of cone penetrometer resiste
and shear vane resistance were made immediately followi
passage of the forwarder. Estimates of pre-compaction
characteristics were made by sampling 1.5 m to the side of the

Some evidence of mass failure; some mixing of wet so0il and
needles in the rut base; some displacement of s0il from the yut
20 Mass failure; mixing of soil, water and needles in rut; some 5
cm of this mix in the rut base; noticeable displacement of soil
from the rut

Mass failure; mixing of soil, water and needles in rut; some 15
cm of this mix in the rut base; significant soil displacement

from the rut




Australian Forestry Vol. 64, No. 3, pp. 193-198 195

3 cmrut
5 - -——-5cmmut
------- 10 em rut
15 em rut
4.1 — — 20 cm rut ’;
S
Penetrometer - ==--25cmrut -
resistance :
(MPa) 3 1 ’/
4
2 4
1 o
4 / —
,/ -
//"_" T
t._j‘_f:'-.._ o
0 4 ; ' 1'
0 100 200 300 400
Depth (mm)

Pre-and post-compaction penetrometer resistance profiles
(average of six recordings) are shown for the 3, 5, 10, 15, 20 and
25 cm ruts caused by a single round pass of the forwarder in
Figure 2. For the 3 and 5 cm ruts, harvesting/extraction have
compacted the surface 250 mm of the soil profile, resulting in
increased post-compaction cone penetrometer resistance. Where
rut depths were10 cm, post-compaction cone penetrometer
resistance in the surface horizons was equivalent to, or less than,
pre-compaction levels. Note that post-compaction penetrometer
readings commenced at the base of the rut, and an adjustment
for rut depth should therefore be made if pre- and post-
compaction data are compared at the same depth relative to the
pre-compaction ground-level. This explains the apparent

250 T 3 cmrut
-—==5cmnmut 3
------- 10 em rut _."
/4
200 + — 15 cmrut 2
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Figure 3. Profile cone penetrometer resistance characteristics of the
six study sites which experienced rut compaction to different depths
(n=6)
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Figure 2. Changes in profile cone penetrometer resistancFigure 4.Profile shear vane resistance characteristics of six study sites
characteristics following a round forwarder trip which resulted in ruwhich expeienced rut compaction to different depths (n = 6)
compaction to different depths (n = 6)
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At the two sites that received a second-round forwarder pass,
a. Site 1 s rutting depths increased from an average 10 cm to 25 cm and 15
“T[ - pre-compaction cm to 35 cm respectively. The pre-, post-one-pass and post-two-
231 single round pass - 10 cm rut s pass penetrometer resistance characteristics of these sites are
G 18 [ ) m—doubloround pass /25 et {,f’ shown in Figure 5. Both sites experienced significant mass
resistance 1> ] P failure following the second forwarder passage.
(MPa) 1 - e
0.5 - ; ;;--»""" Measurement of rutting depth was complicated by considerable
R e iadalir , ; i variation over short distances, particularly in the deeper ruts.
0 100 200 300 400 500 For example, at the site where rutting depths averaged 25 cm,
Depth (mm) depths varied from 10 - 35 cm over short distances. Major
b. S 2 factors observed to affect variability along a rut included:
3 -
a5t e pre-compaction » Ground vibrations produced by the harvester varied as the
5 single round pass - 15 em rut machine progressed down an outrow. Compactive forces
Peeniion . . | ——— — double round pass - 35 cm rut i appeared greatest when the harvester was stationary (but
fe(s\':‘[f:)ce '1 i 25 vibrating) for the purposes of cutting and lifting trees,
: os | - particularly when the boom was extended.
0 f i e Compactive forces produced by the forwarder are also not
0 100 200 300 400 500 uniform along an outrow: Ground vibrations appeared greatest
R (eita) when the forwarder was stopped and collecting logs.

Interestingly, even though there was a notional single-round
Figure 4. Profile shear vane resistance characteristics of six study sifgass of the forwarder, the machine actually moved back and
which expeienced rut compaction to different depths (n = 6) forward over short distances in order to attain an position from
which logs could be efficiently collected, thus effectively
resulting in double passes over short distances.

» The Pinusroot system, which is an important component of
resistance to rutting in low-soil-strength soils, was not uniform
along an outrow. Root characteristics such as diameter
distribution, frequency and depth (which affect the ability of
lateral roots to resist compaction), and the density and spatial
arrangement of fine/lateral roots (which affect the ability of
surface root mats to resist compaction), showed considerable
spatial variation (see also the data presented for root
distributions in Study 1 of Paper I).

» The density and distribution of both branches left on the forest
floor following de-limbing by the harvester, and natural needle
and branch litter, varied along outrows. The former, in

particular, can be a significant component of soil profile

strength, resisting compaction forces from a single forwarder
passage (Wronsldt al. 1990).

Other factors which may have contributed to heterogeneity

along ruts include: (i) variations in soil moisture content, and

hence soil strength, as a result of variations in soil profile

_ ) ) ‘wetting characteristics, surface hydraulic conductivities
Figure 5. The effects of multiple forwarder passage during low-soilcostantiniet al 1995), soil drying processes and depths to
strength conditions on profile cone penetrometer resistance (n = 6) transient watertables and impermeable layers; and (i) variations

reduction in post-compaction cone penetration resistance"?;ttso_iI factors affecting compressibility (Greacen and Sands
depths of 250 - 350 mm in both the 3 and 5 cm ruts (Fig. 2). 1980; Larsoret al 1980).

Pre-compaction cone penetrometer resistance and shear JaheCussion

resistance characteristics (average of six recordings) for the six _ ) _ )
study sites that received a single-round forwarder pass dfée observations that soil moisture content systematically
shown in Figures 3 and 4 respectively. For both parameteficreased (Fig. 1), pre-compaction penetrometer resistance
there is a strong inverse correlation between eventual RyStematically decreased (Fig. 3) and pre-compaction shear
compaction depth and pre-compaction strengths. A comparisi1€ resistance systematically decreased (Fig. 4) as the
of Figures 3 and 4 suggests that shear vane resistance may B@gnitude of rut compaction increased are consistent with

more sensitive parameter for predicting eventual rut compactifilgOry (for the coastal lowlands soil types see Costantini 1996).
than cone penetrometer resistance. For each of these soil parameters, it is relatively easy to separate

pre-compaction conditions that led to rut depths of 3 and 5 cm
from those that led to rut deptk&0 cm (Figs 1, 3 and 4). On
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the basis of data presented here, it would appear possibledépendent. For example, ground-snigging extraction systems,
develop a model for predicting when ‘average rutting depthsvolving more frequent passes with lighter total loads, will
will exceed 5 cm’ based upon one, or a combination of, theBave compaction effects which differ to those of forwarder-
parameters. However, such a model is likely to be specific to thased systems. It is also evident from Figure 5 that different
harvesting system described, and soil type tested. prediction models would be required for the same harvesting
system if different intensities of operations were contemplated
A comparison of Figures 1, 3 and 4 suggests that soil moisty&e also MacDonalet al 1993). To have practical relevance, a
content was best able to separate sites which experisbagd compaction prediction model would need to be developed for a
rut depths from those that experiene&@ cm rut depths. Of the particular harvesting system and include a parameter such as
three soil parameters tested, however, techniques for rapihgth of outrow’ as a surrogate for expected number of passes.
in situ measurement of soil moisture are the least wetiven the range of harvesting systems used and the number of
developed. Various probes are available, but these may requigor soil types encountered in the coastal lowlands of south-
calibration, can be expensive and can be fragile. Moreover, i'l'eiéstern Queens]and, either a number of narrow|y_focussed

likely that any compaction risk model using soil moisture asrodels, or fewer larger integrated models, would need to be
variable would need to be calibrated for various soil types. Thigveloped.

likelihood is reinforced by the fact that relationships between

soil strength and soil moisture content in the coastal lowlanBsedictive models will clearly require more research data for
are dependent on soil type (Costantini 1996). Of the twdevelopment and verification than is required to develop a
strength parameters tested here, cone penetrometer resistaga@etive approach to controlling excessive compaction. Because
and shear vane resistance, the latter is better able to sepavhtthe need for rapid development of guidelines in the early
sites which experienced rutss cm deep from those that1990s and the lack of time available to collect data for
experienced rute10 cm deep. Compared to vane testerslevelopment and calibration of predictive models, the ‘reactive’
however, commercially available, electronic penetrometers approach was selected for use in QueendRinds plantations
easier to use, particularly where a number of replications graper I).

required.
Preliminary findings from this study suggest that prediction

None of the soil parameters tested was unequivocally ableniodels of compaction could be developed for use in the coastal
separate sites that experienced f1t8 cm deep from those thatlowlands using either soil moisture content, penetration
experienced rutz15 cm deep (Figs 1, 3 and 4). It would seemesistance or shear vane resistance as variables. However, there
therefore that compaction prediction models based on these s# risk that modelling error, resulting either from errors in the
parameters would provide a much higher degree of confidenoeasurement/estimation of input variables and/or errors in
in predicting rut depths5 cm thar=10 cm. model formulation, may be too large to fully replace reactive
systems for avoiding excessive compaction. For example, the
For the study soil, overt evidence of mass failure was observg@sturacy of any predictive function used in model development
in the 215 cm ruts, and increased with increasing rut deptiay be such that some high-compaction-risk areas may fail to
(Table 2). Where 10 cm ruts were formed, there was occasiopal identified, and thus be seriously degraded by harvesting

‘cutting’ of the soil surface, though the ground covePofus  during low-soil-strength conditions (see also Butt and
needles and branches was typically left intact. Indeed, the dgi@lerston 1988).

presented in Figure 2 suggest that mass failure and severe

compaction damage can occur in ruts even where overt evide@enclusions

of mass failure such as cutting of the surface and soil

displacement/puddling, is absent. For the 3 and 5 cm ruts,may be possible to develop models that predict soil
compaction has increased cone penetrometer resistance incthr@paction which can be used in planning harvestirigjimis
surface 250 mm, consistent with an increase in bulk densityptantations, using soil parameters such as soil moisture content,
the absence of structural degradation. In=h@ cm ruts, post- penetration resistance and shear vane resistance as variables.
compaction penetrometer resistance is either equal to, or I8ssy predictive functions used in these models, however, are
than, the pre-compaction penetrometer resistandikely to be dependent on the harvesting system, harvesting
notwithstanding an obvious increase in bulk density astensity and soil type — thus requiring a considerable data base
evidenced by the rut itself (for a discussion on how increasifigr both model development and calibration.

compaction can decrease aggregate strength, see Gupta and
Allmaras 1987). In the short to medium term, it is likely that predictive models,

if developed, will be used only to supplement, not replace, the
These findings support the guideline for acceptable rut deptbactive approach’ developed for use in Queensland, namely:
used in Queenslar@inusplantation management, namely ‘rut‘Machinery operations are permitted Pinusplantations until
depth should not exceed 10 cm for any accumulative distardepths along an accumulative 10 m of ruts in any 100 m length
exceeding 10 m in every 100 m of rut’. The measure of rut dehhillslope exceed 10 cm — at which time, further operations are
used in this study, namely ‘average depth over 3 — 5 m’, is q@bhibited until soil strength increases sufficiently to avoid this
strictly comparable to the guideline measure of acceptable tewvel of rutting’.
depth. In reality, the guideline acceptable rut depth will be
intermediate between the ‘average 5 cm’ and ‘average 10 cReferences
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