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Sand Displacement and Intercepted Load 
A poorly-graded, medium-fine sand (Unified Soil Classification 
system) was chosen as a representative base material (Figure 4) 
(American Society of Testing and Materials ASTM C-136-05). 
Testing occurred in sand at varied moisture content and density. 
Moisture levels were chosen to represent low, medium, and high 
moisture contents. The highest moisture content was limited to 
a level observed to be stable over the maximum testing depth 
of the sand during a multiple-hour testing sequence. The low 
sand moisture was defined as the delivered 0.08% gravimetric 
moisture. The sand was raised to 6% target gravimetric moisture 
level as a moderate moisture level and placed into sealed drums 
for mixing and holding. The maximum target moisture was de-
termined by saturating hanging columns of compacted and non-
compacted sand and allowing them to drain for 24 hours. A 12% 
gravimetric moisture level in the test sand was stable over 24 

hours at 30.48 and 15.24 cm elevation from a free-air interface, 
and thus used as a high level of moisture in the testing series. 

Sand was mixed with water and verified to be the reported 
gravimetric moisture level. The moist sand was measured to tar-
get mass for the known test box volume and placed into the boxes. 
Sand was compacted with a 232 cm2 square metal plate hand tam-
per (compaction effort not calculated) to achieve the controlled 
sand moisture-density target for a given testing sequence, since 
the same density and moisture would be used for replicated tests 
on each of six lifts. The maximum testing density was defined by 
hand-compacting the dry sand to a point of no additional effect 
(dry density of 1.71 Mg m-3) in the box. A low placement density 
was set by lightly smoothing hand placed dry sand to level in 
the box (1.51 Mg m-3). The intermediate density was targeted for 
1.61 Mg m-3, however slightly higher densities were tested as a 
consequence of adding sand for a uniform surface contact with 
the box top after screeding the top with a metal straightedge after 
compaction. After each testing sequence, the sand was loosened 
and re-compacted with the next lift of sand to remove any sand 
deformations or layer interfaces incurred from the previous test. 

The data collection system was actuated at zero input pressure 
for 30 seconds. Input pressure was then increased over 15–40 
seconds in 50 kPa increments then held stable at each pressure 
level for a minimum of 30 seconds before raising to the next input 
pressure level. During the testing sequence, data frame numbers 
and associated times were tracked in the output files. To produce 
a combined output at each input pressure level for analysis, the 
data frames were parsed into separate analysis files as consecu-
tive frame number sequences defined by timing logs of stable in-
put pressure at the manifold. Water volume change in the gradu-
ated cylinder was noted to measure sand displacement at each 
pressure level. The water measure was also used to check for 
root failure as defined by leakage over a steady pressure interval. 

After releasing the input pressure to the root at the end of a 
testing sequence to 0 kPa, the box was opened and the next suc-
cessive lift was added to the box frame. The root was excavated 
by hand and checked for leakage. The excavated sand was re-
placed and slightly compacted prior to placing additional sand 
for the next lift. Once the next mass of sand was measured and 
added, it was compacted to the same target density level. This 
increased the distance between the root and the box top (rep-
resenting the pavement surface layer) by 2.54 cm. Plots for 
load cell readouts were developed for each pressure step and 
sand depth testing sequence. A series of plots at equal pres-
sure input were combined to plot intercepted load distribution. 

Data was collected up to 550 kPa. Input pressure – volume 
displacement curves were developed as best fit third order poly-
nomials (Minitab 14.2 fitted line plot in regression analysis) 
for each moisture-density combination to show differences in 
yield. Displacement curves were fit with a third order polyno-
mial to reflect a general sigmoidal pattern from each replicate 
test of increasing sand displacement with each increase of in-
put pressure. Since standard testing of soil for strength and 
deformability plots pressure against cavity volume as a char-
acteristic sigmoidal curve prior to analysis in Pressuremeter 
testing (Das 2004, ASTM D-4719), it was expected to behave 
in a similar manner for the different testing method which es-
sentially tracks the same relationship in a different geometry. In 
all, five moisture-density pairings were tested using two root-
box systems. Duplicate tests were run to track test reliability. 

Figure 3. Example of a root calibration sequence that included a 
mapping signal regression between input manifold pressure and 
load cell output when the root was in direct contact with the load 
cell pad. The computer tomography and raw signal data used to 
create the tomograph and calibration regression relationships 
are shown at right of the calibration regression plot. 

Figure 4. Characterization of the testing sand used in the example 
study, a USCS SP medium fine sand. 
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If a paired testing run showed very different behavior or leak-
age, the test was rejected and re-developed. Values shown in Fig-
ure 5 and Figure 6, for load cell readout, represent means of eight 
load cells values (1140 data per load cell with total variability 
of 1 measurement unit from recorded value) as detailed earlier.  

Since related testing of root-induced foam deformation sug-
gested a 0.40 MPa as a minimum value for field-observed  
phenomena (Grabosky et al. 2011), and the same level was 
well within the testing range of the laboratory simulation 
system, the study authors chose the equivalent 400 kPa in-
put pressure analysis to present as an example, and for use in 
checking future FEM outputs against lab simulation behavior.   

RESULTS AND DISCUSSION
Table 1 shows the best fit polynomial equations for data plots 
of sand displacement with increasing root inflation pressures. 
In general, the sand behavior was very consistent between test-
ing runs, with increased variability with increased input pres-

sures when sand moisture was increased. Variability relative to 
the input value was generally consistent as a ratio to imposed 
pressure. Figure 5b (the most variable set) and Figure 6b (rep-
resentative of the remaining four pairings) show best fit poly-
nomial plots over multiple testing replicates for two of the five 
moisture-density pairings. Data series were not found to be re-
lated to the distance between root and box top. Using the 400 
kPa input as an example (circled in Figures 5b and Figure 6b), 
observed sand displacement volumes in this study were larger at 
lower densities when moisture was similar. Similarly, observed 
sand displacement volumes at 400 kPa input did not increase 
as moisture content increased when the density was similar 
(Table 2). Observed sand displacements at 400 kPa input were 
compared with expected values from the best fit polynomial 
model (Table 2). Sand deformation at the lowest tested density 
of 1.51 Mg m-3 exceeded the inflation volume capacity of the 
graduated cylinder. As a result, data collection for that den-
sity ceased at 350 kPa. The model outputs for the low density 
level are thus beyond the model observation and not reliable. 

Figure 5. a) A data plot showing load cell mean output in a moderately compacted sand (1.63 Mg m-3) at medium (6%) gravimetric moisture. 
Mean sensor readout (n = 8) in kPa for line loads parallel to the inflating root at an inflation pressure of 400 kPa. Sensor readout devel-
oped from 30 second measurements collected at 38 Hz. b) The associated pressure-yield curve with best-fit polynomial curve shown y = 
-0.0000001x3 + 0.000271x2 + 0.01662x + 0.916 R2 = 0.76. The circled values show displacements at 400 kPa which link the load cell output 
to the pressure-yield curve data. Square data points show sigmoid character of an individual testing run.

Figure 6. a) A data plot showing load cell mean output in a compacted sand (1.71 Mg m-3) at low (0.08%) gravimetric moisture. Mean sen-
sor readout (n = 8) in kPa for line loads parallel to the inflating root at an inflation pressure 400 kPa. Sensor readout developed from 30 
second measurements collected at 38 Hz. b) The associated pressure-yield curve with best-fit polynomial curve shown y = 0.0000005x3 
- 0.000279x2 + 0.09127x + 0.0386 R2 = 0.91. The circled values show displacements at 400 kPa, which link the load cell output to the 
pressure-yield curve data.
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Sand displacement translated into intercepted load at the box 
top. As moisture levels increased, intercepted load intensity de-
creased (Figure 5a; Figure 6a), relative to input pressure, despite 
a greater sand displacement.  It is postulated that the load is con-
fined to the sand aggregate contacts in the dry material. As the 
moisture increases, the contact continuity of the interstitial wa-
ter within a non-saturated bulk system could dissipate the load. 

The distribution of intercepted load across the pad was non-
uniform across the widening line-load. This can be explained 
by plastic deformation in vicinity of the expanding root (cav-
ity expansion). The problem is similar to the problem of tun-
nel construction, except that during the tunnel construction 
there will be reduction in the radial stress. Wood (2004) com-
pared stress and displacement distributions during the tunnel 
construction for the assumption of elastic and elastic-plastic 
frictional ground. There, in the plastic zone, the radial and cir-
cumferential stresses were related through the Mohr-Coulomb 
criterion. In the case of an elastic material, the radial pressure 
increase will be linearly dependent on the radial displacement 
to cavity radius ratio change. In the case of an elasto-plastic 
material, it will be highly nonlinear as the displacement to cav-
ity ratio increases. The load cell output plots could also reflect 
an elasto-plastic behavior that reduced its ability to transfer 
generated pressure at the cavity boundary in a linear fashion 
as the radial displacement increased. The data are consistent 
with the behavior of a granular soil such as the compacted sand 
against an over-arching stiffer layer (the braced box top) like a 
pavement surface layer. It has also been observed that stone-
soil mixtures for use under pavement behave in the same man-
ner (Rahardjo et al. 2008). The loading plots in Figure 5a and 
Figure 6a represent an experimental artifact since every layer 
depth in the plot was actually the sand surface placed against 
the load cell mat during its respective data capture, rather than 
an elevation within a deeper profile as the plot might suggest. 

CONCLUSIONS
Modeling root growth displacement under pavement in layered 
section design can use existing assumptions for engineering 
behavior. If root systems can be encouraged to remain deep in 
the soil profile through designed systems, root loads can spread 
and overlap into a net movement upward from multiple roots. 
Such overlap might allow pavement to move without cracking 
from focused loading. Methods of protecting pavements by ar-
tificially spreading loads such as geotextile layers between the 
base and designed soil sub-bases could be evaluated to mini-
mize loading into a layer-wide effect, thus alleviating line-load 
pavement lifting. The described testing system could be used 
to objectively evaluate such methods. Other pavement protec-
tion methods could also be evaluated against standard designs 
or other alternative methods in comparison for effectiveness.

 The more difficult questions reside in defining the growth 
pressure/displacement capacity of large woody roots themselves. 
Issues would include the environmental factors influencing that 
growth potential, the confining resistance influencing eccentric 
root growth and characterizations of deformations from the typi-
cal root cross-sectional growth pattern. In generating stresses in 
a pavement surface layer, soil displacement from a growing root 
is the issue of importance. It is less important to define a maxi-
mum potential axial or radial growth pressure for defining growth 
impedance. The limiting input pressures of 550 kPa – 600 kPa 
are satisfactory for a first approximation since sand displacement 
occurred. As models are developed for tree-pavement designs, it 
is hoped to use base layer thicknesses above designed root zone 
depths to prevent root growth pressures from damaging the pave-
ment surface for a pavement design life in the range of 25–30 
years. At that point, the pavement could be replaced without dam-
age to the roots, if the roots are kept distant from the surface.  

Table 1. Best fit polynomial regression pressure-displacement curves for a sand compacted to different densities at low (<1%), 
medium (6%), and high (12%) gravimetric moisture content.

Sand 	 Gravimetric	 Equation	 R2	 Model
density	 moisture	 y =displacement volume (cm3)		  p value
Mg m-3 		  x = input pressure (kPa)				  

1.51	 0.10%	 y = -0.0000047x3 + 0.002191x2 + 0.14722x - 0.0776	 0.86	 <0.001
1.71	 0.08%	 y = 0.0000005x3 - 0.000279x2 + 0.09127x + 0.0386	 0.91	 <0.001
1.64	 0.10%	 y = 0.0000003x3 + 0.00009x2 + 0.02973x + 0.6384	 0.97	 <0.001
1.63	 6.00%	 y = -0.0000001x3 + 0.000271x2 + 0.01662x + 0.916	 0.76	 <0.001
1.67	 12.00%	 y = 0.0000008x3 - 0.000312x2 + 0.06401x - 0.3949	 0.92	 <0.001

Table 2. Testing output versus the expected polynomial regression model sand displacements at input level 400 kPa. Low, me-
dium, and high descriptors were used to distinguish intended treatment levels. XX = Input level for density 1.51 that was limited 
to 350 kPa since sand displacement volumes exceeded measurement capacity and are considered unreliable. Subscripts of 
different letter for testing output displacement were different at α = 0.05 in Oneway AOV. Testing output was consistent with 
model outputs in the 400 kPa root inflation pressure. 

Sand 	 Gravimetric	 Observed Displacement (cm3)	 Model Displacement (cm3)
Density	 moisture	 @ 400 kPa ± Std. error	 @ 400 kPa  ± confidence	
Mg m-3 			   interval α = 0.05		  

1.51 (low)	 0.10% (low)	  - - - - -	 106 ± 31 XX	
1.71(high)	 0.08% (low)	 23 ± 2

a
	 23 ±1		

1.64 (med)	 0.10% (low)	 48 ± 2
b
	 49 ± 2		

1.63 (med)	 6.00% (med)	 48 ± 7
b
	 43 ± 2		

1.67 (high)	 12.00% (high)	 28 ± 5
a
	 28 ± 1	
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	 Résumé. Dans le but de modéliser les impacts de la croissance 
des racines sous une surface pavée composée de différentes couches 
de fondation, le comportement des différentes composantes doit être 
défini ou supposé. Étant donné que le comportement des matériaux et 
du design des différentes couches sous le pavage fonctionne selon des 
hypothèses de charges appliquées sur le dessus de la surface pavée, il 
est raisonnable de pouvoir vérifier les hypothèses de comportement au 
moyen d’une méthode d’essai pour contrôler les charges appliquées sur 
le dessus par rapport à la croissance d’une racine vivace. Une simula-
tion racinaire a été développée en insufflant de l’eau à une pression dé-
finie. Le déplacement des particules de sable en réponse à la pression 
accrue a été enregistré avec différentes densités de sable appariées avec 
le degré d’humidité. Des cellules de charge ont enregistré la translation 
du déplacement du sable en regard d’une charge sur une surface pavée 
simulée afin de développer un échantillonnage de données d’une ligne 
de charges qui s’étend sur une large distance avec l’accroissement en 
distance entre la racine et la surface pavée. Les résultats des expéri-
ences en laboratoire ont été comparés à ceux provenant de simula-
tions numériques utilisant des éléments finis afin de développer une 
meilleure compréhension des mécanismes de génération des charges 
imputables à la croissance racinaire. Le sable a été modélisé comme 
un matériau de type Mohr-Coulomb à cette fin. Les résultats numéri-
ques sont qualitativement en accord avec les résultats expérimentaux.
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	 Zusammenfassung. In der Absicht, den Einfluss von Baumwurzel-
wachstum unter gelegtem Pflaster zu verändern, muss das Verhalten der 
Komponenten definiert werden. Da das Verhalten der Materialien und das 
Design der Pflasterverlegung bei der Annahme von der Beanspruchung/
Lasteintrag der Pflasteroberfläche nach unten wirkt, ist es sinnvoll, die 
Annahmen zum technischen Verhalten mit einer Testmethode für kon-
trollierte Last von einer jährlich wachsenden Wurzel zu überprüfen. Eine 
Wurzelsimulation wurde entwickelt, die sich mit Hilfe von Wasser zu 
einem vorher bekannten Innendruck ausdehnt. Über verschiedene Sand-
dichtefeuchtigkeitsgrade wurde die Verlagerung von Sand in Antwort auf 
den wachsenden Druck verfolgt. Lastzellen verfolgten die Übertragung 
von Sandverlagerung zur Last bei einer bestimmten, simulierten Pflaster-
oberfläche, um Datanplots zu entwickeln, mit einer Linie der Lastver-
teilung mit zunehmender Distanz zwischen Wurzel und Pflaster. Die Re-
sultate aus den Laborexperimenten wurden verglichen mit den Resultaten 
von zahlreichen Simulationen, unter der Anwendung von begrenzten 
Elementen, die ein besseres Verständnis der Mechanismen der Lastent-
stehung durch die Wurzeln entwickeln. Der Sand wurde als ein Mohr-

Coulomb Typ Material für diesen Zweck entwickelt. Die zahlreichen 
Resultate sind qualitativ in Einklang mit den experimentellen Rsultaten.
	 Resumen. Con el fin de modelar los impactos del crecimiento de las 
raíces de los árboles bajo el pavimento como un diseño, el comportamien-
to de los componentes necesarios a ser definidos o asumidos. Debido a 
que el comportamiento de los materiales y el diseño de secciones de pavi-
mentos trabajan en la presunción de cargas de superficie pavimentada, es 
razonable revisar el comportamiento desde la ingeniería con un método 
de prueba para cargas controladas en una raíz de crecimiento perenne. Se 
desarrolló una simulación de raíz para inflar con agua y conocer la pre-
sión de entrada. El desplazamiento de arena en respuesta al incremento de 
la presión de entrada fue registrado en varios niveles de densidad y hume-
dad. Los resultados de los experimentos de laboratorio fueron compara-
dos a los resultados de simulaciones numéricas usando elementos finitos 
para desarrollar mejor entendimiento de los mecanismos de generación 
de carga debida al crecimiento de la raíz. La arena fue modelada como 
un material tipo Mohr-Coulomb para ese propósito. Los resultados nu-
méricos son cualitativamente acordes con los resultados experimentales.


