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Abstract

:

Forest roads are composed of surface and subsurface layers. Determining the seasonal strength and associated moisture changes in these roads is required to understand their capacity. This study looks at changes in the subgrade layer. Laboratory and field studies were conducted to determine the changes in subgrade conditions by measuring moisture content and subgrade strength for fine-grained, non-plastic soils in Western Oregon. One field and one laboratory experiment were conducted. Drying in the field experiment occurred during the summer months in the absence of rainfall, while the laboratory study allowed drying for 48 h under controlled suction. In both cases, there was a slight reduction in the subgrade’s moisture content and no significant improvement in subgrade strength. These findings are supported by the soil physics theory that shows that limited water content reduction is expected for these fine-grained soils, as the numerous tiny soil pores can hold water at high capillary tensions. Adding rock layers adds an insulation effect for the subgrade, further reducing evaporation. Consequently, the moisture content remains high, and there will be little change in subgrade strength during the measurement periods.
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1. Introduction


Forest roads provide public access to various forest resources, including forest products and recreational services [1]. However, these forest roads can have significant impacts on the environment. These impacts include accelerated surface erosion and increased sedimentation in nearby watercourses [1]. When hauling is performed on highly saturated roads, there is an opportunity for increased road-generated sediment [1]. Thus, understanding the changes in subgrade strength is necessary to minimize these impacts. Heinemann [2] describes various methods to build the pavements of forest roads. In the Pacific Northwest Region, these roads are commonly constructed using a two- or three-layer structure [3]. The lower layers consist of a subgrade composed of compacted native soils. The following two layers both use aggregate materials. The base course is often built using unprocessed aggregate material measuring a maximum of 10 cm (4.5-inch rock). The surface layer will use smaller stones with a diameter of 7.5 cm (3 inches). The cost of this rock can exceed USD 7.80 to USD 32.5 per cubic meter (USD 6 to USD 25 per cubic yard) when royalties, processing, and hauling are included in the cost [4], and recently reviewed contracts from the Oregon Department of Forestry revealed an appraised value of USD 10.4 per cubic meter for spot rocking costs of USD 8 per cubic yard in 2019.



Ghosh [5] and several others demonstrated the effect of moisture content on a soil’s shear strength. Their results showed that as the moisture content increased, there was an exponential decrease in the soil’s shear strength for various soil types [5]. The stronger-subgrade soils can better resist wheel loads and reduce subsequent rutting when the subgrades fail. Many studies document the impact of moisture on road strength, which adds to this body of knowledge.



Failure occurs when these aggregate-surfaced roads cannot support the vehicle’s weight. Deep ruts can form during hauling when the aggregate, subgrade, or aggregate layers are compressed by loads exceeding the bearing strength of a given layer or the layers below. Following rut formation, future precipitation collects in the ruts. Channelized flow in these ruts detaches and transports fine soil particles, leading to accelerated erosion. The severity of accelerated erosion is a function of the road gradient and rut dimensions. This erosional process can cause a significant loss of fine grains in the aggregate surface and subgrade and decrease the binding of the aggregate by filling the gaps in the aggregate [6]. Another erosion process is described by Toman and Skaugset [7], which represents the process of “subgrade mixing,” where fine soils from the subgrades move through the aggregate layer during repeated loading in wet weather hauling and are easily transported when they arrive on the surface. There have been efforts to reduce these impacts by imposing wet weather hauling restrictions [2].



These hauling restrictions may include the cessation of hauling upon the appearance of ruts in the road or sediment in a nearby stream. For example, a contract provision in the Oregon Department of Forestry’s (ODF) timber sale contracts for selling state-owned timber from lands managed, not just regulated by the ODF, has additional limitations: “hauling shall not be permitted until 48 h after a significant rainstorm events, [which are defined as] …periods when rainfall exceeds 1 ½ inch (3.8 cm) in 24 h”.



In California, similar forest practice rules restrict hauling when sediment is being generated. “Hydrologically disconnected roads are prohibited for use when they exhibit highly saturated soil conditions. Use is prohibited on roads not hydrologically disconnected and exhibiting saturated soil conditions. CCR § 923.6(g)”.



Private companies have also taken steps to limit sediment delivery to streams. By developing a protective plan for species listed under the Endangered Species Act, Humboldt Redwood Company, in the northwestern part of California, has been issued incidental take permits by the appropriate federal agency to obtaining approval for their habitat conservation plan (HCP). One constraint included in Humboldt Redwood’s HCP is as follows: “Roads used for hauling shall not resume [hauling] until 48 h without any precipitation or until the road surface is dry” [8].



These are examples of regulations that use the period following rain events to restrict hauling until the roads recover. Thus, this paper aims to investigate one aspect of subgrade strength recovery following saturation. It considers the measure of both strength and moisture content in its recovery. Field and laboratory procedures were performed to gain insight regarding soil strength and moisture content recovery after drying.



Literature Review


This literature review investigates the reduction in the subgrade strength of fine-grained soils when used in a road’s subgrade, which can lead to environmental damage. There are mixed results regarding how fast these soils dry and the strength of the subgrades improves. Li and Selig [9] describe how moisture in fine-grained soils can reduce the strength and stiffness of subgrade soils. Roslan et al. [10] showed that repeatedly submerging well-graded sandy and silty clay gravelly soils for one hour per day for one, three, and seven days reduced CBR by almost 80% from non-soaked samples [10]. Thus, the impact of moisture content on strength reduction is well known. Lary and Mahoney [11] measured changes in the resilient modulus and moisture content of the subgrades of roads in Oregon and Washington. Their results showed a change varying between 54 and 16 percent from the maximum strengths due to seasonal changes in subgrade moisture. They demonstrated a potential change in soil strength with cycles of drying and wetting.



Hanek et al. [12] measured moisture and strength from an aggregate-surfaced forest road in Willamette National Forest in Western Oregon (USA). Moisture contents were recorded using time-domain reflectometry (TDR) probes at depths below the road’s surface. Road strength measurements were made utilizing a falling-weight deflectometer (FWD), and the data were used to back-calculate the strength indices. Their results reported a gradual increase in subgrade moisture content leading into the wet season and stabilizing through the winter. There were no short-term dramatic changes in moisture and strength values. Short-term load restrictions based on seasonal variation in subgrade moisture are probably not feasible in this rain-dominated environment of Western Oregon.



In a different study on the Willamette National Forest, Linares’s [13] project monitored subgrade strength and moisture content along two forest roads located within the Lowell Ranger District. From November 1987 to April 1988, Linares monitored moisture content and measured subgrade strength using 4.5 and 10 kg Clegg Hammers and a dynamic cone penetrometer. Moisture content data were obtained at 7.6 and 15.2 cm (3 and 6 in.) below the subgrade surface using a soil moisture–temperature cell. Strength measurements were taken weekly or bi-weekly at the subgrade surface. The 4.5 and 10 kg Clegg Hammer results showed large variability between sampling periods, but a discernible drying or wetting trend was not observed.



Hinshaw and Northrup [14] developed a model to predict the moisture content for aggregate-surfaced roads in Idaho (USA). Their study areas comprised low-plasticity subgrade soils with 10 to 30 cm (4 to 12 in.) of aggregate. Hinshaw and Northrup [14] found that following precipitation, a one- to two-week lag was observed before the water reached the subgrade moisture sensors. Subgrade saturation levels decreased from a high of 95% following winter precipitation to a low of 65% in the early fall. However, they found too much variability in the data to predict soil density or strength for the soils in the area [14].



Bolander [15] studied various road segments in the Oregon Cascades and showed that roads with good drainage could reduce their saturation from 90% to 68%. Roads with poor drainage structures maintained a saturation level between a low of 75% and a high of 93%. Additionally, all roads had low soaked CBR values below 1.0 for GW and GP soil types and MH and CH soil types when compacted to the 95% AASHTO T99 levels.



Truebe and Bolander [16] presented the results of their Lowell Road tests, which measured ruts under changing weather and hauling conditions. Their results showed that during wet weather, there was accelerated surface deterioration on the roads. CBRs were measured under different moisture and traffic regimes and showed variation. Rut formation was primarily associated with the densification and lateral displacement of the aggregate layer, and only 20 percent was due to their formation in the subgrade. Reducing the ruts reduces the sediment production from forest roads and minimizes the effects on water quality [17].



Only two methods allow water to leave the soil in a newly constructed road without vegetation due to lacking transpiration. One is based on the liquid phase of water governed by the Darcy–Buckingham law, and the second is water vapor modeled by Fick’s law (Figure 1). As the road was newly constructed and no roots were seen at any of the sites, we assumed there was no transpiration in the subgrade during this study.



The Darcy–Buckingham equation describes the movement of water in a liquid phase under unsaturated soil conditions:


   q L  = − K   ψ , θ   ∇ H  



(1)




where



   K = h y d r a u l i c   c o n d u c t i v i t y   



   ψ = m a t r i c   p o t e n i a l   



   θ = v o l u m e t r i c   w a t e r   c o n t e n t   



   ∇ H = p o t e n t i a l   g r a d i e n t   



Equation (1) states that the liquid flux equals the product’s potential gradient and the hydraulic conductivity of the soil. The potential gradient is found by dividing the change in total potential (elevation, matric, and osmotic potential) between two points by the distance separating the points. In unsaturated flow, the most common condition, the hydraulic conductivity of the soil, is a function of water content and matric potential, which is strongly influenced by pore size. As water content decreases, the matric potential increases, smaller pores hold onto water more tightly, and hydraulic conductivity decreases. Therefore, the relationship between water content and matric potential is an inherent property of the soil matrix and is expressed in terms of a moisture release characteristic curve [18].



The other method for which water may leave the subgrade is vapor loss. Fick’s first law describes water movement in vapor form through a diffuse medium (Equation (2)):


   q v  = −  D V    ∂  ρ V    ∂ z    



(2)




where



Dv = the diffusion coefficient for water vapor;



ρV = vapor density;



z = the distance between points of evaluation.



The theoretical maximum diffusion coefficient of water vapor in the air is 0.256 cm2/s. Still, it is lower in soil due to the restricted volume and tortuosity of the non-continuous air-filled pores [18]. The vapor density gradient is determined by dividing the change in vapor density between two points by the distance separating the points. Vapor density within air-filled pores is a function of matric potential and temperature [18]. However, under normal field conditions, vapor density is considered to be only a function of temperature (Equation (3)) [18]. Thus, the movement of water vapor is from a warmer area to a cooler area within the soil matrix [18]. The result is downward movement during the day and upward movement at night.


   ρ V  = 5.018 + 0.32321   T + 8.1847 ×   10   − 3      T 2  + 3.1243 ×   10   − 4      T 3       g   m 3       



(3)




In the above equation, T is the air temperature in degrees Celsius.





2. Materials and Methods


Two experiments were conducted in this project. The first was a field-based experiment that measured the change in moisture content and collected various measures of subgrade strength from late spring after winter rains to autumn before the return of wet weather. The second was a laboratory experiment in which soil samples were compacted and saturated through immersion in a water tank for 96 h as part of the standard California Bearing Ratio (CBR) test [19]. Half of the samples were tested after 10 min, per the ASTM CBR test requirements, with the other half subjected to 48 h of drying with a 60.7 kPa (0.6 atmospheres) pump supplying suction to the mold. This was the maximum pump capacity available to us to simulate the drying that would occur in the field. The CBR values, density, and saturation measurements were compared for the laboratory trials to determine if there was a significant difference among the samples tested at 10 min and 48 h. Finally, the air-entry values were determined for the tested soils to determine the suction that would need to be exerted on the soils to dry these soils [20].



The field samples were collected from a newly constructed forest road in Western Oregon along the centerline road, whose grade varied from 2 to 6 percent. The road was located on the upper slope on the northern aspect of the road. The subgrade soil was classified as SM soil using the Unified Soil Classification System, and as a silty-sand soil using the classification in [21]. The road had not been used and had approximately 30 cm (12 inches) of aggregate covering the subgrade that received minimal subgrade compaction with no control. The road was out-sloped, with no ditch, and with vegetation removed beyond the cut and bottom of the fill beyond the clearing limits. A series of destructive samples were applied to the road between April and August 2007 at approximately four-week intervals, during which no rainfall occurred. Figure 2 shows the arrangement of the subgrade samples at each point along the road. The overlying aggregate was removed, exposing the top of the subgrade, which was easily defined due to the lack of hauling on the road, which often results in aggregate being pushed into the subgrade. Two strength variables were collected: field CBR using the method in [22] and the 20 kg Clegg impact value using the method in [23]. A soil sample was also collected to determine the soil’s moisture content, density, classification, and moisture release characteristics. In July, aggregate and subgrade temperatures were continually monitored using a Hobo Pro V2 data logger HOBO, Bourne, MA, USA.



The laboratory tests used similar soil classifications, SM and ML, sandy silt, and silt soils with low-plasticity properties. They were compacted in 15 cm (6-inch) molds to 85% of standard proctor levels. All molds were placed in a water tank for 96 h to allow the soil to become saturated. This best represents the worst-case conditions found following a high-precipitation storm. Upon completion of their soak, half of the samples were removed from the tank and allowed to drain for ten minutes as specified by the standard laboratory CBR method [19]. Each sample’s CBR value was then measured, followed by determination of the sample’s moisture content. The other half were subjected to 48 h of drying before testing in a sealed environment connected to the 60.7 kPa pump (0.6-atmosphere suction) (Figure 3). A subsample from the CBR was selected and placed in the sealed chambers to determine the air-entry value using the method in [20].




3. Results


3.1. Field Results


The average CBR was approximately seven during this period. Statistical analysis of the results from the field data using the Kruskal–Wallis nonparametric test due to unequal variances showed no statistically significant subgrade strength recovery when measured using the field CBR for June through November (Figure 4 and Figure 5); the p-value was 0.88. A similar result was produced using the Kruskal–Wallis test for the Clegg impact value (CIV). No significant difference was found around a mean value of 5.1 during this period; the p-value was 0.96.



The moisture content slightly decreases during the spring but quickly returns to pre-drying levels with autumn rains (Figure 6). The moisture contents range from an average high of 45% to a low of 40% shortly before the autumn rain, when the moisture quickly returns to 45%. Again, there is a wide range of moisture content found in the subgrade of this road that may reflect the preferential drainage pathway common in the Oregon coast range, but no surface explanation can be found.



The moisture release curve (Figure 7) shows the tension required to produce drainage from the soil. Changes in moisture content by mass, when subjected to suction values of 0 to 378 kPa (0 to 3.74 atmospheres), range between 5.4 and 13.7 percent. Most moisture losses occur between suction values of 0 to 68.7 kPa (0 to 0.68 atmospheres). The subsequent decline in moisture occurs when the suction is between 3.06 and 3.74 atmospheres. This accounts for 60–70 percent of the moisture change.



The surface and subgrade temperatures were collected to determine the potential moisture loss due to evaporation that could be modeled using Wick’s law. The data show that the aggregate effectively insulates the subgrade from the daily temperature flux as the temperature at the aggregate–subgrade interface varies less than 1 degree Celsius on a given day. A lagged and dampened response to diurnal aggregate temperature changes is found in the subgrade, with approximately a 12 h lag in maximum temperature when compared with the temperature of the aggregate surface. Overall, the temperature only varies by about 3 degrees Celsius during the summer (Figure 8). Utilizing these temperature data, Fick’s first law, and the vapor density equation (2 and 3), the estimation of the total change in moisture content due to vapor movement is shown to be approximately 0.03 percent.




3.2. Laboratory Results


Figure 9 shows the soil samples’ average dry unit weight before testing, which was 378 kg/m2 (77.5 pcf). The statistically insignificant difference (p-value = 0.9848) in densities between the samples tested at 10 min versus those tested at 48 h indicates proper replication used in the experiment.



There is a slight reduction in the percent saturation between the control (10 min) and the samples exposed to 48 h of drying at 60.8 kPa (0.6 atmospheres) of suction. The result is a statistically significant difference in the saturation levels between the soil subjected to drying and those tested according to the standard CBR procedure. This decrease is between 93% and 91% saturation. The p-value is 0.0004 (Figure 10). In contrast, the CBR data show no statistically significant difference between the control and the samples exposed to 48 h of drainage at 0.06 atmospheres of suction. The p-value for this comparison is 0.2454 (Figure 11), with both sample populations producing an average CBR value near 16.



As discussed, a subsample was tested to determine each soil type’s air-entry value. The air-entry value quantifies the pressure or suction necessary to dislodge the water from the soil matrix. The air-entry value was between 3 and 6 atmospheres for these SM-ML soils.





4. Discussion


This study’s field and laboratory results showed slight strength recovery in these fine-grained soils on a seasonal and 48 h time scale. The results were similar to those of [13], which showed slight recovery in subgrade strength. These differ from the results of [11]; their results showed more significant improvements in subgrade strength. Thus, there remains uncertainty about how subgrade strength recovers during drying. Similar reports are reported for subgrade saturation. Refs. [14,15] showed a much more substantial decrease in subgrade saturation than our results. There is a need for well-controlled experiments using various soil types and densities.



The two environmental processes determining the drying and, thereby, subgrade soil strength recovery, drainage of liquid water, and evaporation of water vapor cannot significantly change the moisture content of fine-grained soils over a 24 to 48 h time frame.



The migration of moisture in liquid form is limited due to capillary forces that hold the water in these fine-grained soils. It was confirmed by the high air-entry value found for these soils that forces between three and six times the normal atmospheric pressure are necessary to dislodge water from the soils. The moisture release characteristics of compacted fine-grained soils indicate that substantial changes in matric potential result in small changes in moisture content (see Figure 7). Water movement that does occur is slowed due to the low values of hydraulic conductivity found in compacted fine-grained soil.



Water vapor movement is slight due to small temperature changes and low vapor density values. The aggregate layer provides an insulating blanket, resulting in minimal variation in temperature and no airflow, significantly reducing evaporation rates from these soils. The northern aspects of the project site may have limited the energy applied to the road, resulting in low movement in water vapor. A road located on a southern aspect with higher solar radiation may have produced more drying.



The environmental processes controlling subgrade moisture movement and changes in strength are well described in the theories of soil physics. For fine-grained soils, these theories lead us to conclude that there should be little change in subgrade strength in a 24–48 h period or on a seasonal scale. These theories are justified by the study presented here and lead us to conclude that only a tiny amount of water can be removed from subgrade soils due to environmental processes. However, these results were from a single road and lab study. Despite the limited sample size, our results show a similar pattern to many patterns described in the literature reviewed earlier. The pattern is a seasonal pattern of drying, but it does not correspond to an increase in density or its correlation with strength.



Since few changes in subgrade strength occur on a micro and macro scale, the strength in these soils will need to be established during construction. The comparison of the field and laboratory CBR values shows a possible mean soaked CBR value of 16, while the field CBR is approximately half this result, with a value of 8. The laboratory is at 85% of the Proctor test value, while the field compaction is uncontrolled. Thus, a large portion of potential strength in the subgrade needs to be achieved. This results from a need to establish a proper subgrade compaction target and monitor construction to achieve this result.




5. Conclusions


The results from our fine-grained soils showed little change in the subgrade strength or moisture content when subjected to drying. These results may be applicable to fine-grained soils in a Mediterranean climate that are constructed with no control of compaction. Short-duration hauling restrictions may not allow sufficient time for subgrade saturation conditions to improve, and that component of the overall road structure may not improve. Future work should consider designing an experiment with a range of soil types and initial compaction to determine the role construction quality has on a road’s environmental performance. The focus should be to obtain the highest strength possible at the time of construction when moisture content and compaction can be best controlled, as this may be when the subgrade has the highest strength.
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Figure 1. Cross sectional shape of road with description of water movements. 
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Figure 2. Sampling system for each point on the road. 
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Figure 3. Sealed CBR mold. 
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Figure 4. Filed CBR throughout summer sampling period. 
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Figure 5. Field Clegg impact values (CIVs) throughout summer sampling period. 
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Figure 6. Subgrade moisture content from road during sampling period. 
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Figure 7. Moisture release curve various pressure levels. 
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Figure 8. Temperature curves at aggregate and surface temperatures. 
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Figure 9. Density measurements for control and tests specimens. 
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