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ABSTRACT 
 
Buried structures, such as pipes and culverts, installed under low embankments, are subjected to 
surface loading and additional stresses are transferred from their surrounding soil due to negative 
soil arching.  Higher stresses on a buried structure may cause excessive deformations and even 
failure of the structure. The Induced Trench Installation (ITI) method, which utilizes a 
compressible layer (e.g., Expanded Polystyrene (EPS) geofoam) above the buried structure to 
reduce vertical stresses, has been increasingly used to avoid the above problems. Most studies so 
far investigated the geofoam effect on stress distribution under the embankment weight with or 
without uniform surcharge.  This experimental study investigated the geofoam stiffness effects 
on the distribution of vertical stresses above a concrete culvert under static footing loading. 
Reduced-scale models were constructed in a test box under a plane-strain condition. This study 
adopted the ITI method to place an EPS geofoam on the concrete box culvert. The backfill 
material was a dry, poorly-graded Kansas River sand. The footing load was applied parallel to 
the culvert axis. Earth pressure cells were used to monitor the vertical stress distribution above 
the geofoam and the surrounding soil. The experimental results show that the EPS geofoam 
reduced the vertical stresses on the buried structure due to the mobilization of positive soil 
arching. The lower stiffness geofoam had more effect on the vertical stress reduction. Soil 
arching was found to be partially mobilized based on the calculated soil arching ratio due to 
limited compression of the geofoam and degraded by the surface footing loading. 
 
Keywords. Buried structure, Culvert, Geofoam, Induced trench, Soil arching, Stress distribution, 
Traffic loading. 
 
INTRODUCTION 
 
When a rigid structure (e.g., pipe or culvert) is buried in the ground, it interacts with its 
surrounding soil, causing redistribution of geostatic stresses. This redistribution affects the level 
of the stresses transferred onto the structure. The magnitude and distribution of the vertical 
stresses above the buried structure depend on the geometry of the structure and its relative 
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stiffness to the surrounding soil. Since the stiffness of the buried structure is often higher than 
that of the surrounding soil, the settlement of the surrounding soil is larger than that of the central 
soil column above the buried structure (Chen and Sun, 2013a). The relative settlement generates 
shear stresses between the surrounding soil and the soil column above the structure, resulting in 
concentration of vertical stresses on the buried structure (Spangler, 1948; Dasgupta and 
Sengupta, 1991; Bennett et al., 2005). Therefore, the vertical stresses on the top of the rigid 
structure buried under an embankment are higher than the overburden stress of the soil column 
above the structure as a result of negative soil arching. Generally, soil arching occurs due to a 
relative displacement between a yielding soil mass and a stable soil mass (Terzaghi, 1943). The 
degree of soil arching varies with the relative displacement. Iglesia et al. (1999), Han et al. 
(2017), and King et al. (2017) described the progressive development of soil arching with the 
relative displacement into four stages: (1) initial arching, (2) maximum arching, (3) stress 
recovery, and (4) ultimate arching.  Ultimate arching is also referred to as fully-mobilized soil 
arching, which happens at a large relative displacement. Han et al. (2017) found that the 
Terzaghi solution (Terzaghi, 1943) predicted the ultimate soil arching state well.  Han (2015) 
pointed out that the soil-arching effect might not be fully mobilized when the elastic modulus 
ratio of the buried structure to the soil is lower than 100. The reason is that a low modulus ratio 
may not induce sufficient relative displacement between a buried structure and soil to achieve 
fully-mobilized soil arching. 

The fill load transferred onto a buried structure is largely dependent on the type of 
installation as well as the height of the fill over the structure (Marston and Anderson, 1913; 
Brown, 1967). Positive projection embankment (PPE) is widely used in the North America when 
a buried structure is installed in a relatively flat stream bed under a high embankment (ACPA, 
2011). In the PPE, the generated shear stresses increase the vertical stresses on the buried 
structure. Higher vertical stresses on the buried structure may cause excessive deformations and 
even failure of the buried structure (Chen and Sun, 2013). The Induced Trench Installation (ITI) 
method have been widely used in the embankment construction to reduce the vertical stresses on 
a rigid structure constructed under high embankment fill (e.g., fill height >10 m). The ITI 
method includes a compressible layer with low stiffness installed above a rigid structure to 
inverse the relative displacement in the overlying soil. Baled straw, leaves, compressive soil, and 
Expanded Polystyrene (EPS) geofoam are examples of lightweight material used as a 
compressible layer above rigid structures in practice. After construction of the embankment with 
a compressible material and during its service life, the low stiffness layer compresses more than 
the surrounding soil to generate positive soil arching, which can transfer part of the vertical 
stresses of the central soil column to the adjacent soil. 

Limited studies have been conducted to evaluate the behavior of the buried structure 
installed under a low fill embankment (e.g., fill height < 5 m) by the ITI method, especially 
under surface loading. Under these circumstances, additional stresses induced by traffic loading 
may extend to the level of the buried structure. Moreover, most of the previous studies have been 
conducted under soil self-weight or soil self-weight plus uniform surcharge. Limited studies have 
been conducted to evaluate the pressure distribution induced by a footing load (e.g., traffic 
loading). Also, there is lack of knowledge on the effects of footing loading on the mobilization of 
soil arching, which is the primary load transfer mechanism controlling the pressure distribution 
on buried structures. This study aimed to investigate the buried structure installed by both the 
PPE and the ITI method under static footing loads and to examine the effects of EPS geofoam 



 
 

325 
 

stiffness on the distribution of vertical stresses above a rectangular concrete culvert using three 
model tests. 
 
TEST SETUP AND INSTRUMENTATION 
 
Three reduced-scale models were constructed in a test box under a plane-strain condition. One  
reference test (T1) with only a concrete culvert and no geofoam was conducted to simulate the 
PPE. Other two tests (T2 and T3) were constructed with a geofoam layer above the culvert to 
simulate the ITI method. 

Figure 1 shows the experimental setup used in this study, which consists of a twin-cell 
concrete culvert embedded in the center of a test box. The concrete culvert dimensions (height 
Hc = 0.2 m and width Bc = 0.36 m) were chosen to represent a 1.8 m wide twin-cell box culvert 
scaled by a factor of 5.0. The test box was designed to accommodate a plane-strain condition 
with interior dimensions of 1.76 m long, 0.46 m wide, and 1.50 m high. More details about the 
test box can be found in Al-Naddaf (2017). The length of the concrete culvert was the same as 
the width of the box. The culvert width, Bc = 0.36 m, was selected to be one-fifth of the test box 
width (i.e., the culvert placed far enough from the sidewalls) so that the boundary effect would 
be minimized. On the top of the embankment fill, a footing load was applied using a hydraulic 
jack attached to a rigid steel footing that had the same dimension as the culvert, i.e., 0.36 m wide 
and 0.46 m long, and was centered above the culvert. The hydraulic jack had a static load 
capacity of 25 tons. The applied load was monitored using an S-shape load cell with a capacity 
of 22.3 MN mounted above the footing. 

 

 
Figure 1. Cross sectional view of the test box showing locations and dimensions of the 

concrete culvert, EPS geofoam, footing, and instrumentation (unit: mm) (Al-Naddaf et al., 
2018). 

 
To obtain the pressure distribution during the test, six earth pressure cells were used and 

placed in the middle of the test box. In the PPE test (T1), pressure cells were installed directly 
above and symmetrically about the centerline of the culvert at the distances of 0, 130, 230, and 
360 mm, respectively. In the ITI tests (T2 and T3), only two pressure cells were placed directly 
above the culvert at the distances of 0 and 130 mm from its centerline within a 30 mm thick sand 
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cover, as shown in Figure 1. This cover was left between the culvert top and the EPS geofoam 
bottom to simulate the common practice (McAffee and Valsangkar, 2005) and to accommodate 
the pressure cells used to measure the pressures above the culvert in these tests. Figure 1 shows 
that four other pressure cells were installed above the geofoam and adjacent soil at the right side 
of the test box centerline at the distances of 0, 130, 230, and 360 mm, respectively. These 
pressure cells had an outside diameter of 50 mm, a sensing-surface diameter of 46 mm, a 
thickness of 11.3 mm, and a maximum pressure capacity of 200 kPa. Geofoam compression and 
footing settlement were monitored using three displacement transducers with a measuring 
capacity of 50 mm. Two displacement transducers were placed under the geofoam, along with 
the diagonal line and at 100 mm away from the corner of the geofoam. Another displacement 
transducer was mounted above the footing to monitor the footing settlement during loading. The 
pressure cells and the displacement transducers were connected to a data acquisition system to 
record the pressures and the displacements automatically with a scan frequency of 100 Hz. 

 
TEST MATERIAL 
 
Dry Kansas River sand was used as a granular fill for the embankment material to investigate the 
distribution of vertical stresses above the concrete culvert. Based on the particle size distribution 
curve, this sand had a maximum particle size of 4.75 mm and a mean particle size of 0.6 mm. 
The coefficients of uniformity (Cu) and curvature (Cc) were 3.18 and 0.99, respectively. This 
sand was classified as poorly graded sand (SP) according to the Unified Soil Classification 
System (USCS) (ASTM D2487-11). Kansas River Sand had minimum and maximum dry unit 
weights of 16.02 kN/m3 and 18.85 kN/m3, respectively, in accordance with ASTM D4254-14 
and ASTM D4253-14. The embankment height was more than twice the width of the concrete 
culvert (i.e., H=820 mm, Bc=360 mm, and H/Bc=2.28) to minimize surface differential 
settlement. During the construction of the embankment, Kansas River sand was poured and then 
compacted to 75% relative density in lifts until the required embankment height was reached. 
The compacted sand at this density had a unit weight of 18.04 kN/m3 and a peak friction angle of 
38º based on triaxial shear tests. The initial elastic modulus of the sand was 25 MPa based on 
three confining pressures of 35, 70, and 100 kPa of triaxial shear tests. 

A lightweight material, EPS geofoam of two different densities, was used as a 
compressible layer above the concrete culvert to simulate the ITI method. Table 1 provides the 
EPS geofoam properties. EPS geofoams with densities of 12 and 15 kg/m3 are commonly used 
for culvert and pipe applications, and therefore they were used in this study. The EPS geofoam 
width was chosen to be equal to that of the concrete culvert (Bc). Also, the geofoam thickness 
was chosen to represent 0.2Bc. This thickness was considered acceptable to allow for the 
mobilization of soil arching by McGuigan and Valsangkar (2010). 

 
Table 1. EPS geofoam physical properties. 

Geofoam Density 
(kg/m3) 

Compressive stress 
@ 1% strain (kPa) 

Compressive stress 
@ 5% strain (kPa) 

Elastic modulus @ 
1% strain (MPa) 

EPS12 11.2 15 35 1.5 
EPS15 14.4 25 55 2.5 
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TEST RESULTS 
 
Vertical earth pressures and geofoam compression were measured during the embankment 
construction. In the PPE test (T1), the measured vertical pressure on the culvert was higher than 
the overburden pressure (γH) during the embankment construction, and the increase in the 
measured pressure was approximately 13% due to negative soil arching at the end of the 
construction. In the ITI tests (T2 and T3), although the geofoam underwent small compression 
(less than 0.10 mm on average, i.e., not enough deformation to mobilize positive soil arching) 
during the embankment construction, the measured vertical pressure was almost the same as the 
overburden pressure. Therefore, the EPS geofoam prevented the mobilization of negative soil 
arching induced by the embankment weight. 
 
Measured Pressure Under Surface Loading. This section presents and discusses the earth 
pressure results from the PPE test (T1) and two ITI tests (T2 and T3) to illustrate the pressure 
distribution above the culvert with and without a compressible layer under static footing loading.  

Figure 2 shows the measured vertical pressures both on the center and besides the culvert 
in the PPE (T1). The measured maximum pressure was located under the centerline of the 
footing (also the centerline of the culvert in this study). Using Boussinesq’s solution for a strip 
footing, the pressure at the same depth of the culvert was calculated for comparison. The 
calculated pressure plotted in Figure 2 represents the sum of the overburden pressure (γH) and 
the additional vertical pressure induced by the footing load and calculated using Boussinesq’s 
solution. The calculated pressure simulates the case where no rigid inclusion exists. The 
difference between the calculated and measured pressures could be used to evaluate the effects of 
rigid inclusion and soil arching. The measured vertical pressure in the PPE test was significantly 
higher than the calculated pressure over the culvert, while the measured pressure was slightly 
lower than or equal to the calculated one over the surrounding soil. Therefore, majority of 
additional stresses were concentrated over the culvert because of negative soil arching and stress 
concentration due to the relative stiffness of the culvert to the surrounding soil. As the footing 
load increased, the difference between the measured and the calculated pressures above the 
culvert became larger. This result can be attributed to the fact that more negative soil arching 
was mobilized as the relative displacement between the soil column above the culvert and the 
surrounding soil increased. The relative displacement was generated due to more compression of 
soil around the culvert under the increased load of the footing. 

To evaluate the effects of rigid inclusion on soil arching, the percentage of pressure 
increase above the culvert in the PPE test under static footing loading was determined. This 
percentage was calculated as the difference between the average measured pressure above the 
culvert and the average calculated one using Boussinesq’s solution, divided by the average 
calculated pressure. The percentage of pressure increase increased from 13% at the end of the 
embankment construction to 37% at an applied footing pressure of 130 kPa as the negative soil 
arching was mobilized. This percentage is 12% higher than that reported by Meguid et al. (2017) 
(i.e., 25%) in their study for a hollow steel culvert constructed with the PPE under a uniform 
surcharge of 130 kPa. It should be noted that a similar embankment height to culvert width ratio 
was used in Meguid et al. (2017), but the modulus of elasticity of the hollow steel culvert 
reported in their study was 200 GPa. In other words, it was 100 times higher than the modulus of 
elasticity of the concrete culvert utilized in this study, which was approximately 2 GPa. 
Therefore, the hollow steel culvert was stiffer than the concrete culvert. One may conclude that 
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negative soil arching is more critical under footing loading located directly above the culvert 
than that induced by a uniformly distributed pressure or overburden pressure. 

 

 
Figure 2. Measured and calculated vertical pressures on the center (PC1) and besides 

(PC3) the culvert under static footing loading in the PPE test (T1). 
 

To investigate the soil arching mobilization under static footing loading associated with 
the ITI method, the measured pressures at the top of the geofoam are presented in Figure 3 since 
the maximum differential settlement was expected to happen at this level. Figure 3 presents the 
results of T2 and T3, in which geofoam EPS12 and EPS15 were utilized, respectively. Both 
geofoams had a thickness of 0.2Bc. As the applied pressure increased, a consequent increase in 
the measured pressures on the geofoam was observed; however, the rate of the pressure increase 
on the geofoam decreased while that on the surrounding soil increased as depicted in Figure 3. 

Moreover, the magnitude of the transferred pressure from the geofoam to the surrounding 
soil increased as more footing load was applied. This pressure re-distribution is associated with 
the mobilization of positive soil arching due to the relative displacement between the soil column 
above the geofoam and the surrounding soil. Figure 3 also compares the results of T2 and T3 
with those of the reference test T1 (no geofoam was used). The percentages of reduction in the 
pressure on the geofoam in T2 and T3 as compared with that of T1 were 23% and 13%, 
respectively, at an applied pressure 130 kPa. On the surrounding soil (i.e., at 230 mm from the 
culvert centerline), however, the measured pressures in T2 and T3 increased 33% and 17%, 
respectively, as compared with that of T1 at the same applied pressure. This result confirms the 
mobilization of soil arching above the geofoam. 
 
Effects of Geofoam Stiffness. To evaluate the effect of geofoam stiffness on the magnitude of 
the pressure on the culvert in the ITI tests, a normalized pressure, defined as the ratio of the 
vertical pressure on the culvert in the ITI tests to that on the culvert in the PPE test, is proposed 
herein. Since the vertical pressures measured in the ITI tests were significantly lower than those 
measured in the PPE test, the normalized pressure is lower than 1.0. Figure 4 shows that the 
normalized pressure on the culvert decreased with the increase of the applied footing pressure for 
both EPS12 and EPS15. Also, the effect of geofoam stiffness on the vertical pressure above the 
culvert can be clearly recognized in Figure 4. When the applied footing pressure was less than 30 
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kPa, both embankments behaved similarly although the geofoam densities were different. 
However, as the applied pressure increased, the normalized vertical pressure under the geofoam 
with lower stiffness, EPS12, was lower than that under the geofoam with the higher stiffness, 
EPS15. For instant, at an applied pressure of approximately 130 kPa, the use of EPS12 and 
EPS15 of 0.2Bc thick above the culvert induced 47% and 32% reduction in the normalized 
pressure on the culvert, respectively. This result indicates that the geofoam with lower stiffness 
deformed more, resulting in a larger relative displacement between the soil column above the 
culvert and the surrounding soil. The larger relative displacement mobilized more soil arching 
and transferred lower pressure onto the culvert.  
 

  

  
Figure 3. Measured vertical pressures under static footing loading at the top of and besides 

the geofoam (a) EPS12 and (b) EPS15. 
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Figure 4. Normalized vertical pressure on the culvert under static footing loading in ITI 

tests. 
 
Degree of Soil Arching. McNulty (1965) proposed a soil arching ratio (ρ) to assess the degree of 
the load transferred from a yielding soil zone to the surrounding soil zone. This ratio, given in 
Equation (1), is calculated as the average vertical pressure above the yielding base (σv) (i.e., the 
geofoam in this study) to the overburden pressure (γH) plus the uniform surcharge (q) if applied. 
ρ = 0 represents the complete soil arching and ρ = 1 represents no soil arching (Al-Naddaf et al., 
2017). 

      𝜌𝜌 = 𝜎𝜎𝑣𝑣
𝛾𝛾𝛾𝛾+𝑞𝑞

                                                                   (1) 
 

At the end of the ITI tests (T2 and T3), the measured pressures on the culvert were 
relatively uniform; therefore, the soil arching ratio was calculated based on the average pressure 
measured on the culvert. At the same time, the applied pressure, q, in Equation (1) was 
calculated using the Boussinesq solution for the location above the culvert. Figure 5 presents the 
soil arching ratio versus the applied footing pressure for both ITI tests (T2 and T3). In both tests, 
the soil arching ratio dropped from 1.0 to 0.84 as the footing pressure increased to 30 kPa. This 
drop in the arching ratio indicates the mobilization of soil arching. However, EPS geofoam 
stiffness affected the degree of soil arching mobilization as the footing pressure increased 
beyond 30 kPa. In T2, in which geofoam EPS12 was used, soil arching continued to mobilize 
and the arching ratio dropped to 0.75 as the footing pressure increased to 130 kPa. In T3 with the 
use of geofoam EPS15, however, soil arching degraded (or stress recovered) and the arching 
ratio increased to 0.95 as the footing pressure increased to 130 kPa. To evaluate the mobilization 
of soil arching, the solution for the soil arching ratio developed by Terzaghi (1943) is presented 
below: 

 

𝜌𝜌 = 𝐵𝐵𝑐𝑐
2𝛾𝛾𝐻𝐻 𝑡𝑡𝑡𝑡𝑡𝑡∅

�1 − 𝑒𝑒−2𝐻𝐻 𝑡𝑡𝑡𝑡𝑡𝑡∅ 𝐻𝐻
𝐵𝐵𝑐𝑐� + 𝑞𝑞

𝛾𝛾𝛾𝛾+𝑞𝑞
�𝑒𝑒−2𝐻𝐻 𝑡𝑡𝑡𝑡𝑡𝑡∅ 𝐻𝐻

𝐵𝐵𝑐𝑐�                              (2) 
 
where Bc = width of the culvert; H = height of the embankment; K = lateral earth-pressure 
coefficient (use K =1 as suggested by Terzaghi (1943) and recommended by Han et al. (2017) for 
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the ultimate soil arching condition), ϕ = friction angle of soil, and q = applied pressure  
(calculated using the Boussinesq’s solution for the location above the culvert). 
 

 
Figure 5. Soil arching ratio above the geofoam under static footing loading in ITI tests. 

 
Figure 5 shows that the measured soil arching ratio is greater than that calculated by 

Terzaghi (1943), implying the partial mobilization of soil arching. It is worth mentioning that the 
geofoam densities used in this study represent the smallest densities available in the market with 
the lowest stiffness (highest compressibility). The relative stiffness values between soil and 
compressible material as defined by the ratio of soil elastic modulus to geofoam elastic modulus 
(Es/Eg) were 16.7 and 10 for EPS12 and EPS15, respectively. This finding is consistent with the 
suggestion by Han (2015) mentioned earlier. 

 
CONCLUSIONS 
 
Soil arching is a common phenomenon in many geotechnical applications, and it contributes to 
the degree of the load transfer on buried structures. Three reduced-scale model tests were 
conducted under a plane-strain condition in this study to evaluate the vertical pressure on the top 
of a rigid concrete culvert constructed with the positive projection embankment (PPE) and the 
induced trench installation (ITI) on an unyielding foundation under footing loading. Expanded 
Polystyrene (EPS) geofoam, a lightweight material, was utilized as a compressible inclusion 
above the concrete culvert in the ITI tests. The effects of EPS geofoam stiffness on the 
distribution of vertical stresses on the culvert were evaluated and discussed. From this study, the 
following conclusions can be drawn: 
1. Negative soil arching was mobilized under the embankment weight in the PPE test and 

increased the measured vertical pressure on the culvert by 13% as compared with the 
overburden pressure. As the footing load increased in the PPE test, the relative settlement 
induced by the footing load increased the degree of negative soil arching and caused the 
vertical pressure to increase by 37% as compared with that calculated without a buried 
structure under an applied footing pressure of 130 kPa. The installation of an EPS geofoam 
eliminated the increase of the vertical pressure on the culvert in the ITI tests due to the 
embankment weight although the geofoam underwent a small compression. 
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2. When an EPS geofoam was installed above the culvert in the ITI tests, positive soil arching 
was mobilized so that the vertical pressure on the geofoam decreased and that on the 
surrounding soil increased. However, soil arching was found to be partially mobilized based 
on the measured soil arching ratio due to the low modulus ratio of soil to geofoam that 
limited relative displacement. 

3. The stiffness of the EPS geofoam contributed to positive soil arching. The low stiffness (i.e., 
low density) geofoam underwent larger compression, causing lower vertical pressure on the 
culvert than the high stiffness geofoam. Within the range of geofoam stiffness, the low-
density geofoam reduced the vertical pressure on the culvert by 47% as compared with that 
in the PPE while the high-density geofoam reduced the vertical pressure by 32% as compared 
with that in the PPE at an applied footing pressure of 130 kPa. 
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