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Key messages
· Pale, deep, water-repellent sands are often prone to further constraints in the subsoil, such as compaction and low cation-exchange capacity. 
· Significant yield improvement resulted when plots that had been clayed and spaded were deep ripped to reduce the subsoil strength and so increase the depth of root growth. 
· Further yield improvement and deeper roots were recorded when fertiliser was incorporated with the use of top-soil inclusion plates behind the ripper.
Aims
· Determine if deep tillage improves root growth and yield of crops on pale, deep sand that has been previously ameliorated with the incorporation of clay-rich subsoil to a depth of 300mm.
· Assess the effect of tillage and nutritional treatments implemented separately and in combination on root growth.
· Evaluate methodologies and technology designed to incorporate amendments deep into the subsoil (>400mm).
Introduction
Crop production on sandy soil (defined as less than 5% clay content) in the Western Australian wheatbelt is commonly constrained by a combination of soil water-repellence, subsoil compaction, acidity and low water and nutrient holding capacity (van Gool 2016). Several field trials have demonstrated that spreading clay and mixing it through the top 300mm with a rotary spader can simultaneously ameliorate these constraints and dramatically increase crop production (Hall et al 2010, Roper et al 2015). However, Davies et al (2019) identified that only half of the reported spaded sites on pale, deep sand continued to show a yield increase after two years and that the benefit was modest compared with sites with more clay in the subsoil or a shallower texture change.
To investigate further, we studied subsoil root growth at several sites that had been previously ameliorated. This analysis indicated that although the amelioration often demonstrated an increase in root growth in the top 300mm there was little root growth detected below this depth (Scanlan et al 2013). In addition, we measured soil water at these depths that was unused after the crop had senesced. The capture of subsoil water by deeper root systems can make a valuable contribution to yield particularly on deep sandy soil (Lilley and Kirkegaard 2016). Therefore, we formed the hypothesis that to increase the long-term economic benefit of ameliorating the topsoil we also needed to identify and remove the constraints to deeper subsoil root growth.
Root penetration in the subsoil could be restricted due to increased soil strength following incorporation of clay with a spader (Moore 2001). Reducing subsoil strength through deeper ripping has been shown to increase the depth of root penetration and improve water extraction from deep in the profile (Tennant and Hall 2001). 
Additionally, a low cation-exchange capacity in the subsoil provides limited substrate to capture and release soil fertility. Incorporating organic amendments into the subsoil could provide a foundation to promote nutrient sequestration and cycling. Equally, high rates of nutrition could be incorporated that could then stimulate the proliferation of root growth.
We do not know in what combination these factors constrain subsoil root growth. Therefore, we implemented treatment combinations separately and in combination to measure their effect on subsoil strength and fertility. The aim was to isolate the factors restricting root growth while also determining the most effective methods for removing the subsoil constraints.
Methods
In 2017, an experimental site south-east of Salmon Gums was spread with 500t/ha of subsoil containing 27% clay and then spaded to a depth of 300mm. Following amelioration, the soil at the site was sampled at four locations for physical and chemical analysis (Table 1). Molarity of ethanol tests were conducted on the top 0-100mm samples and water was quickly able to infiltrate in all samples. In March 2018, 15 treatment combinations were imposed: these were incomplete combinations of five amendments with four tillage treatments (Table 2). Each treatment combination was replicated six times. Ripping with and without inclusion plates was done to a depth of 500mm and a auger trencher (Trenchmaster 150) used to incorporate the amendments in a slot to a depth of 700mm. Both ripping and trenching were undertaken parallel to sowing.
Table 1. Initial soil sampling of the trial site after spreading of subsoil (27% clay) on soil surface and spading but before the experimental treatments were imposed. Values represent an average of four sampling points on each corner of the trial (±se). Soil properties of the subsoil clay are included. 
	Depth (mm)
	Clay (%)
	pH (CaCl2)
	Organic carbon %
	Phosphorus Colwell mg/kg
	Potassium Colwell mg/kg
	Cation exchange capacity cmol+/kg

	0-100
	5.6 (0.7)
	7.6 (0.2)
	0.69 (0.1)
	17.6 (1.6)
	70.5 (7.0)
	5.0 (0.4)

	100-200
	5.9 (0.7)
	7.7 (0.2)
	0.7 (0.1)
	15.5 (1.4)
	  66.0 (10.4)
	5.2 (0.6)

	200-300
	3.6 (0.3)
	7.3 (0.0)
	0.4 (0.1)
	13.3 (2.3)
	  37.5 (16.5)
	2.5 (0.3)

	300-400
	3.1 (0.3)
	7.4 (0.1)
	0.3 (0.0)
	7.5 (0.6)
	21.0 (2.6)
	1.4 (0.2)

	400-500
	2.9 (0.0)
	7.0 (0.2)
	0.2 (0.0)
	5.8 (0.6)
	19.0 (1.30
	1.0 (0.1)

	500-600
	5.6 (2.7)
	7.0 (0.2)
	0.2 (0.0)
	4.3 (0.6)
	  56.0 (33.3)
	1.7 (1.0)

	600-700
	9.0 (5.5)
	7.0 (0.2)
	0.2 (0.0)
	3.0 (0.4)
	  95.0 (62.5)
	2.7 (2.0)

	700-800
	8.3 (2.9)
	6.9 (0.1)
	0.2 (0.0)
	3.0 (0.5)
	30.5 (5.3)
	0.9 (0.2)

	Subsoil
	27
	8.8(water)
	0.2
	<2
	300
	>10



	Deep tillage (strips)
	Amendment
	Rate (kg/ha) of 2018 amendment
	Description each treatment tested

	None 
	Basal 2017 clay only
	None
	Control

	Trench 
	Basal 2017 clay only 
	
	Trench Control

	Ripping 
	Basal 2017 clay only 
	
	Ripping control

	Ripping +inclusion 
	Basal 2017 clay only 
	
	Ripping + Inclusion control

	None 
	Manure pellets 
	5000
	High nutrition, soil fertility substrate

	Trench 
	Manure pellets 
	
	High nutrition, soil fertility substrate, deep placement

	Ripping 
	Manure pellets 
	
	High nutrition, soil fertility substrate, reduce soil strength

	Ripping +inclusion 
	Manure pellets 
	
	High nutrition, soil fertility substrate, reduce soil strength, some deep placement

	None 
	Matched rate complete fertiliser
	1264
	High nutrition

	Trench 
	Matched rate complete fertiliser 
	
	High nutrition, deep placement

	Ripping 
	Matched rate complete fertiliser
	
	High nutrition, reduce soil strength

	Ripping +inclusion 
	Matched rate complete fertiliser 
	
	High nutrition, soil fertility substrate, reduce soil strength, some deep placement

	Trench 
	Pea straw 
	10000
	Soil fertility substrate, deep placement

	Ripping
	Red Loam
	10000
	Soil fertility substrate, soil strength reduced

	Ripping +inclusion
	Red Loam
	
	Soil fertility substrate, soil strength reduced, some deep placement



[bookmark: _GoBack]The fertiliser included was designed to match the nutrition of the chicken manure (Table 3). The inclusion of pea straw (29 Carbon: 1Nitrogen) was included to determine whether the incorporation of organic matter with lower nutritional benefit was sufficient to stimulate root growth and yield. It was not possible to leave the pea straw on the surface or combine with the ripping treatments as the amount of material interfered with the tines of the ripper and the seeder. For this reason, an additional amendment of red loam was included in combination with the ripping treatments (only). This material was sourced on-farm and had a clay content of 15%.
When all the treatments were imposed, the entire experiment was sown to wheat (Triticum aestivum cv Scepter[image: PBR symbol]) at 50kg/ha with 50kg/ha of DAP ZnCu and 70L/ha of UAN. Poor seasonal conditions in 2018 lead to poor establishment and significant head loss, so only limited measurements were recorded. In May 2019, the experiment was sown to barley (Hordeum vulgare cv La trobe[image: PBR symbol]) at 50kg/ha with 60kg/ha of MAP and 70L/ha of UAN.
Table 3. Rate of application of pelletised chicken manure and blended composite fertiliser and nutritional breakdown of each at the rates applied.
	Fertiliser amendment
	Rate (kg/ha)
	N (kg)
	P (kg)
	K (kg)
	S (kg)
	Ca (%)
	Cu (%)
	Zn (%)
	Mo (%)
	Mn (%)
	Fe (%)
	Mg (%)

	Chicken manure
	5000
	245
	45
	85
	26
	95
	1
	1
	0
	2
	9
	14

	Fertiliser blend
	1264
	245
	45
	85
	26
	97
	1
	1
	0
	2
	9
	14



Three 0.5m2 cuts per plot were taken at maturity to determine crop biomass. From these samples a sub-sample of tillers was counted to determine the number of tillers per m2. This sample was then further threshed to give a seed yield (not reported) and this was used to calculate the harvest index. The reported measurement of yield was achieved with a Wintersteiger® trial header with 1.78m front that travelled in the same direction across each plot. A sample of seed was captured by the header for each plot and analysed for protein by an infratech™. 
Soil strength was evaluated in August using a Rimik® CP40-II penetrometer to record soil penetration resistance at 20mm intervals to a depth of 600mm. Three replicates were taken for each plot each with a further three insertion replicates. Sixteen soil pits were excavated at the end of July, one for each treatment. Root abundance and depth were then assessed on the face of each pit, as detailed in McDonald et al (1998). Volumetric water content (VWC) was measured using a Hydrosense II two-pronged time domain reflectometry meter along the excavated face of the soil pits. Soil samples were taken from the exposed face of each soil pit for chemical analysis (not reported in this paper) and to calculate gravimetric water content (not reported in this paper).
Analysis of variance was carried out on the yield components using replicates of tillage treatment strips as the blocking structure. For each component the least significant difference at 5% was calculated for the full interaction of tillage by amendment. A linear regression model was fitted to several independent variables to determine how well they explained the variation for the dependent variable of yield.
Results
Seasonal conditions were poor in 2019 with 154mm of growing season (April–October) rainfall resulting in low yields across all treatments (Table 4). Eight treatment combinations recorded a significant increase in yield compared to the ‘no-tillage clay-only’ (hereafter called the control) (p <0.05). The low harvest index and high protein levels in the grain suggested that the crop was suffering water stress during grain fill. Biomass and harvest index accounted for a large amount of the yield variation (Table 5). The volumetric water content measured at 500mm in the soil profile was inversely related to the yield for each treatment and showed a strong, negative relationship.
When pooled for all amendments, ripping and ripping with inclusion yielded significantly more than the control tillage while the trench treatment did not differ from the control. In 2019, ripping to reduce subsoil strength significantly increased yield by up to 200%. Reduced soil strength (Figure 1) and increased root growth beyond a depth of 300mm were also recorded for all treatment combinations that included ripping (Figures 2a–d). Ripping and ripping with inclusion plates reduced soil strength to below the critical level of 2500KPa to a depth of about 550mm. No extra yield benefit above ripping the clayed plots was observed when 5t/ha of chicken manure or fertiliser with the same nutritional input as the manure was spread on the surface before ripping.
Trenching did not significantly reduce soil strength (Figure 1). However, the value reported is an average across the whole plot and there was a substantial difference in soil strength depending on whether the measurement was taken in line with the trenching implement or in between the trenching implement. Trenching effectively incorporated these amendments down to 600mm and this improved the root abundance that was measured when averaged on and off the slots (Figure 2a–d). 



Table 4. Barley (Hordeum vulgare cv La trobe[image: PBR symbol]) performance in 2019 averaged across six replicates for each of the 16 treatment combinations. Indications of significance at the p<0.05 (**) level ‘no-tillage clay-only’ (control) treatment.
	Tillage
	Amendment
	Average t/ha
	Average tillers/m2
	Average biomass t/ha 
	Harvest index average
	Average protein

	No tillage
	Basal 2017 Clay only 
	0.27
	269.84
	1.97
	0.11
	20.53

	
	Manure pellets 
	0.30
	319.98
	   2.85*
	0.10
	20.73

	
	Matched rate fertiliser 
	0.38
	308.44
	2.48
	0.10
	20.87

	Ripping +inclusion 
	Basal 2017 Clay only  
	   0.62*
	279.55
	2.72
	   0.22*
	19.23

	
	Manure pellets 
	   0.78*
	   344.61*
	   3.63*
	   0.23*
	19.68

	
	Matched rate fertiliser 
	   1.03*
	   405.42*
	   4.48*
	   0.23*
	19.27

	
	Red Loam 
	  0.74
	290.19
	   2.87*
	   0.25*
	18.90

	Ripping
	Basal 2017 Clay only 
	   0.79*
	300.90
	   3.10*
	   0.26*
	17.95

	
	Manure pellets 
	   0.62*
	  331.55
	   3.45*
	   0.19*
	20.12

	
	Matched rate fertiliser 
	   0.82*
	285.57
	   2.95*
	   0.20*
	19.87

	
	Red Loam 
	   0.65*
	315.26
	   3.03*
	   0.23*
	19.12

	Trench 
	Basal 2017 Clay only 
	0.44
	261.68
	2.45
	   0.19*
	18.65

	
	Manure pellets 
	  0.48
	308.49
	  2.70
	0.14
	19.68

	
	Matched rate fertiliser 
	    0.54*
	297.25
	  2.77
	   0.19*
	20.30

	
	Pea straw 
	  0.44
	318.62
	   2.81*
	 0.17
	19.52

	
	LSD 0.05 **
	  0.25
	  62.32
	0.82
	  0.08
	  1.32

	




Figure 1. Average cone penetrometer readings for each of the tillage treatments. Measurements taken at 20mm intervals to 600mm. Least significant difference at a 5% level displayed for 100mm increments.
 
 
Figure 2a–d. Root abundance of the tillage treatments amended with a) basal clay in 2017 b) matched rate complete fertiliser c) manure pellets and d) pea straw or red loam. Root abundance was scored 1–5 according to the method described in Land and Soil Classification (McDonald et al 1998). Ratings were given for each 50mm x 100mm grid to a depth of 500mm (±s.e).
Ripping with inclusion plates was as effective at reducing subsoil strength as the ripping treatments (Figure 1). This method also had the potential to incorporate some of the amendments deeper in the profile. The incorporation of the matched-rate fertiliser increased root abundance at depth above the levels recorded for just ripping and inclusion of the basal clay only (Figure 2a–d). The yield for the inclusion of the match-rate fertiliser was the highest recorded and was significantly higher than ripping and fertiliser alone (Table 4).
Incorporation of the chicken manure increased yield and improved root abundance compared to the deeper inclusion of surface-spread clay. However, these benefits were not significantly different to the treatments where the amendment was applied in combination with ripping, likely since inclusion would have been minimal. The incorporation of pea straw with the trencher did not significantly improve yield over the control. The ‘red loam with ripping’ and ‘ripping with inclusion’ treatments significantly increased yield over the control but this benefit should be apportioned to the tillage component as there was no additional benefit to the inclusion over the ripping alone.
Table 5. R-squared values for measured variables correlated to measured values for yield (t/ha).
	Variable
	Amount of variation in yield (t/ha) accounted for 
	Formula 
	F probability that slope ≠0

	Volumetric Water Content 400-500mm
	58.5
	y=-0.21x+0.785
	<0.001

	Harvest index 
	67.2
	y=3.29x-0.014
	<0.001

	Biomass t/ha
	64.1
	y=0.2973x-0.276
	<0.001

	Tillers/ sq m
	25.4
	Y=0.003x-0.435
	  0.352



Conclusion
Ripping with and without topsoil inclusion effectively reduced the strength of the subsoil below 300mm and improved root growth. High subsoil strength in the control plots is indicative of traffic pans and is commonly encountered on deep sand (Henderson 1988). Even under conditions of low traffic intensity, high soil strength and restricted root growth has been observed following strategic tillage operations such as spading (Hall et al 2018). Topsoil inclusion aims to create a slot behind the ripping tine that can incorporate topsoil and surface-spread amendments into the profile. Parker et al (2019) demonstrated that this can provide a positive yield response over ripping alone, particularly on deep sand. However, they found a high degree of variability in yield, depending on the seasonal conditions and soil moisture at the time of ripping.
Although the auger trencher penetrated below the compaction depth, it failed to create break-out beyond its zone of operation to increase the volume of soil that was influenced. The auger trencher effectively incorporated the amendments, which appeared to improve root growth particularly down localised slots. However, there was no significant increase in yield, which indicates that the improvement in root growth was confined to the slots and was insufficient to increase grain yield substantively.
The inverse relationship between volumetric water content at 500mm and yield supports the hypothesis that to improve the longevity of the yield benefit after amelioration, the abundance of roots at depth need to increase. Variation in yield accounted for by volumetric water content at 500mm was comparable to that for biomass and yield index. This confirms that this measurement could potentially be used to diagnose subsoil constraints and evaluate the relative success of amelioration efforts in future research trials (Tennant and Hall 2001). 
Gill et al (2009) demonstrated that incorporating organic amendments such as chicken manure into the subsoil provided a large increase in crop yield in the high rainfall zone of south eastern Australia on a sodic clay subsoil. However, Celestina et al (2018) demonstrated that these benefits were difficult to replicate across a range of geographically spread experimental sites with 14 out of 15 trial sites showing no additional benefit over the surface placement of chicken manure. The lack of an effect of organic amendments in our experiment adds further to the suggestion that this method of amelioration could only be relevant in high rainfall environments with severe physiochemical constraints that induce structural decline. Celestina et al (2018) found crop production benefits from the increased nutrient supply of chicken manure and the deep placement of matched fertiliser. Therefore, although deep, sandy soil is not constrained by subsoil sodicity, an inherently low cation exchange capacity means that it is likely responsive to increased subsoil fertility.
Previous research has shown that root systems have a high degree of plasticity and can forage and proliferate when they encounter nutrient-rich patches particularly phosphate, nitrate and ammonium (Drew 1975). This foraging response could be elicited through the deep-placement of nutrients to increase root growth into the subsoil. This is partially demonstrated in this experiment where the combination of ripping and incorporation of fertiliser increased yield and improved root abundance compared to the deeper inclusion of surface-spread clay alone. The deep-placed chicken manure did not provide as consistent a yield response as the fertiliser in the second year of our trial but, as the release of nutrition is likely to be slower, (Stockdale & Rees 1995) results from future years of the trial are required to determine which amendment will deliver longer-term production increases (Celestina et al 2018).
The measured yield improvement in this trial was primarily attributed to reduction in subsoil strength through deep tillage. Beyond their nutritional benefit, there was no indication of further benefits from the deep placement of organic amendments. Incorporating high rates of inorganic fertiliser appeared to improve the proliferation of roots at depth and subsequently yield. Further experimental sites across a range of rainfall environments and years would be required to determine if this result could be reliably reproduced and sustained. We can however be confident that the poor water and nutrient holding capacity in the subsoil of pale, deep sand should be considered a constraint to production and the predominant message we have learned through soil amelioration research is that the production benefits are larger and last longer when the greatest combination of soil and agronomic constraints are addressed.
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Basal 2017 Clay only
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Depth (mm)




Manure pellets
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Matched rate complete fertiliser

Control	0.01	0.01	0.01	0.01	0.01	0.01	0.01	0.01	0.01	0.01	3.8	2.9	1.5	0.4	0	100	200	300	400	500	Rip	5.5901699437494741E-2	0.27950849718747373	0	0.1677050983124842	5.5901699437494741E-2	5.5901699437494741E-2	0.27950849718747373	0	0.1677050983124842	5.5901699437494741E-2	4.375	2.875	2	1.625	0.875	100	200	300	400	500	Ripping and inclusion	0	0.1597191412499846	0.47915742374995457	0.21295885499998035	0.15971914124998543	0	0.1597191412499846	0.47915742374995457	0.21295885499998035	0.15971914124998543	5	3.6428571428571428	2.9285714285714288	2.1904761904761902	1.6428571428571428	100	200	300	400	500	Trench	0.12777531299998734	3.1943828249987802E-2	0.38332593899996387	0.38332593899996414	0.54304508024994902	0.12777531299998734	3.1943828249987802E-2	0.38332593899996387	0.38332593899996414	0.54304508024994902	4.7142857142857144	3.9285714285714288	3.1428571428571428	2.1428571428571428	1.7857142857142856	100	200	300	400	500	Root abundance


Depth (mm)




Pea Straw and red loam

Control	5.4772255750509001E-2	0.14605934866804596	0.16431676725155006	0.12780193008453891	5.4772255750516634E-2	5.4772255750509001E-2	0.14605934866804596	0.16431676725155006	0.12780193008453891	5.4772255750516634E-2	4.5500000000000007	3.5999999999999996	2.25	1.0499999999999998	0.25	100	200	300	400	500	Red loam with Ripping	4.7619047619047619	3.4047619047619047	2.1190476190476191	1.9761904761904763	1.5952380952380953	100	200	300	400	500	Red loam with Ripping and inclusion	1.8633899812515196E-2	0	0.18633899812498225	0.27950849718747373	0.26087459737497576	1.8633899812515196E-2	0	0.18633899812498225	0.27950849718747373	0.26087459737497576	4.7916666666666661	4	2.916666666666667	2.375	2.083333333333333	100	200	300	400	500	Pea straw	Trench	1.0647942749997788E-2	0.1171273702499893	0.18101502674998299	0.43656565274995895	0.27684651149997397	1.0647942749997788E-2	0.1171273702499893	0.18101502674998299	0.43656565274995895	0.27684651149997397	4.6904761904761907	3.4047619047619047	2.2619047619047619	1.6904761904761905	1.0476190476190477	100	200	300	400	500	Root abundance


Depth (mm)




None 	520.91803278688519	716.10852713178292	853.23255813953483	1009.689393939394	1169.2214285714285	1420.4925373134329	1570.4604316546763	1730.0444444444445	1879.3461538461538	1926.6585365853659	1976.7615384615385	2095.5538461538463	2126.2093023255816	2044.7479674796748	1964.6825396825398	1889.0806451612902	1837.008	1873.8879310344828	1864.4098360655737	1911.7301587301588	1968.9262295081967	2021.32	2075.6692307692306	2119.6129032258063	2066.4152542372881	2089.1219512195121	2069.1610169491523	2199.2413793103447	2299.6065573770493	2378.897435897436	2503.4262295081967	2684.6666666666665	2727.2622950819673	2969.7631578947367	3119.5338983050847	3218.7758620689656	3407.0666666666666	3438.3703703703704	3597.933962264151	3795.127450980392	3975.2156862745096	4219.7227722772277	4433.1276595744685	4611.5531914893618	4658.9247311827958	4857.5384615384619	4955.7	4983.3902439024387	4969.3291139240509	4968.0281690140846	5000.1911764705883	4995.1076923076926	4987.80303030303	4962.8524590163934	4770.7719298245611	4673.9230769230771	4769.2093023255811	4630.5744680851067	4602.1538461538457	4634.4705882352937	10	20	30	40	50	60	70	80	90	100	110	120	130	140	150	160	170	180	190	200	210	220	230	240	250	260	270	280	290	300	310	320	330	340	350	360	370	380	390	400	410	420	430	440	450	460	470	480	490	500	510	520	530	540	550	560	570	580	590	600	Trench	600.15384615384619	816.5	919.96124031007753	1058.9323308270677	1211.474074074074	1419.96875	1594.265625	1758.0396825396826	1927.9461538461539	1978.4881889763778	2021.1854838709678	2015.3953488372092	2032.6147540983607	2057.8897637795276	1971.0076335877864	1959.4015151515152	1985.2096774193549	1938.5039370078741	1946.9495798319329	1941.3920000000001	2001.2622950819673	1951.3565891472867	1898.4263565891472	1978.8740157480315	2027.0991735537191	2075.0714285714284	2110.3200000000002	2209.5348837209303	2235.983870967742	2242.0629921259842	2355.8571428571427	2367.8818897637793	2416.4724409448818	2528.52	2524.6134453781515	2622.8859649122805	2601.6403508771928	2779.3504273504273	2749.6923076923076	2785.3008849557523	2891.1100917431195	2922.3596491228072	3115.4230769230771	3184.1682242990655	3085.6090909090908	3158.2190476190476	3201.4761904761904	3388.4226804123709	3434.244680851064	3592.35	3655.3894736842103	3901.303370786517	4067.8444444444444	4209.2471910112363	4419.666666666667	4516.3214285714284	4558.3797468354433	4537.9756097560976	4545.0555555555557	4563.9310344827591	10	20	30	40	50	60	70	80	90	100	110	120	130	140	150	160	170	180	190	200	210	220	230	240	250	260	270	280	290	300	310	320	330	340	350	360	370	380	390	400	410	420	430	440	450	460	470	480	490	500	510	520	530	540	550	560	570	580	590	600	Ripping	590.82258064516134	707.73684210526312	765.38167938931292	864.72307692307697	972.47368421052636	1091.7952755905512	1216.4580152671756	1322.6268656716418	1470.2330827067669	1595.8270676691729	1681.0610687022902	1718.6875	1786.6899224806202	1755.3739837398373	1771.1147540983607	1683.203125	1660.4661654135339	1664.28	1561.328	1577.2689075630253	1588.9047619047619	1530.7952755905512	1449.6363636363637	1430.8086956521738	1415.9421487603306	1351.4552845528456	1329.655737704918	1326.531746031746	1289.2478632478633	1250.2016129032259	1278.9478260869564	1268.7666666666667	1282.0258620689656	1283.7203389830509	1293.4000000000001	1286.2016806722688	1360.6065573770493	1303.4173228346456	1376.32	1429.0813008130081	1425.8632478632478	1459.3709677419354	1436.3360655737704	1452.4634146341464	1479.0088495575221	1449.0083333333334	1492.6166666666666	1564.5128205128206	1524.0666666666666	1516.9333333333334	1514.4608695652173	1539.0260869565218	1568.1574803149606	1741.5086206896551	1812.546218487395	1988.4695652173914	2016.0517241379309	2217.9391304347828	2402.7019230769229	3041.05	10	20	30	40	50	60	70	80	90	100	110	120	130	140	150	160	170	180	190	200	210	220	230	240	250	260	270	280	290	300	310	320	330	340	350	360	370	380	390	400	410	420	430	440	450	460	470	480	490	500	510	520	530	540	550	560	570	580	590	600	Ripping +inclusion	447.71755725190837	529.36	611.02238805970148	695.9296875	759.6567164179105	809.91129032258061	858.2822580645161	863.13709677419354	954.98347107438019	1000.8869565217391	1020.1101694915254	1101.504132231405	1072.219512195122	1159.2719999999999	1184.9105691056911	1181.2916666666667	1164.5275590551182	1159.1282051282051	1164.6854838709678	1099.9411764705883	1061.7777777777778	1043.1083333333333	996.74782608695648	975.36885245901635	947.09090909090912	955.27966101694915	884.71028037383178	860.98245614035091	899.32142857142856	857.21311475409834	905.45689655172418	904.64754098360652	900.7899159663865	950.43333333333328	950.8125	964.10483870967744	1029.9754098360656	1143.5454545454545	1078.4559999999999	1024.6967213114754	1031.992	1103.3089430894308	1127.7249999999999	1192.8925619834711	1252.6744186046512	1355.5739130434783	1358.9767441860465	1424.3223140495868	1518.4745762711864	1526.7272727272727	1606.6875	1710.5354330708662	1824.0967741935483	1945.4274193548388	2094.7916666666665	2380.2522522522522	2364.9837398373984	2556.7368421052633	2807.3451327433627	2982.5762711864409	10	20	30	40	50	60	70	80	90	100	110	120	130	140	150	160	170	180	190	200	210	220	230	240	250	260	270	280	290	300	310	320	330	340	350	360	370	380	390	400	410	420	430	440	450	460	470	480	490	500	510	520	530	540	550	560	570	580	590	600	LSD 5% 	137.1	206.6	194.4	272.5	98.8	266.2	137.1	206.6	194.4	272.5	98.8	266.2	5500	5500	5500	5500	5500	5500	100	200	300	400	500	600	Soil penetration resistance KPa 


Depth (mm)
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