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Abstract   In the current paper results of a well instrumented experimental procedure for studying 
the arching effect in loose and dense sand are presented. The apparatus comprises concentric circular 
trapdoors with different diameters that can yield downward while stresses and deformations are 
recorded simultaneously. As the trapdoor starts to yield, the whole soil mass deforms elastically. 
However, after an immediate specified displacement, depending on the diameter of the trapdoor and 
relative density of the soil, the soil mass behaves plastically. This behavior of sand occurs due to flow 
phenomenon and continues until the stress on trapdoor is minimized. Then the failure process 
develops in sand and the measured stress on the trapdoor shows an ascending trend. This indicates 
gradual separation of the yielding mass from the whole soil body. Finally, the flow process leads to 
establish a stable vault of sand called arching mechanism. Depending on the trapdoor diameter there 
is a critical relative density at/above which the test leads to form a stable arch. A mathematical 
method to establish the shape of the sand vault is introduced and the results obtained from 
experimental investigations are compared to this method. The results are also, compared to Terzaghi's 
theory and the assumption of upper boundary solution is discussed. 
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در اين مقاله نتايج حاصل از بررسی پديده قوس در ماسه شل و متـراکم بـا اسـتفاده از مـدل فيزيکـی                        چكيده          

ه هـای دايـر      دريچـه   مخزن پر از ماسه است که کف آن دارای         مدل فيزيکی . ابزاربندی شده، نشان داده شده است     
ـ        باشد  می  با اقطار مختلف    متحدالمرکز کلش  بـه طـوري کـه مقـادير         دارنـد ايين را    که قابليت حرکت به طـرف پ

زمانی کـه دريچـه شـروع بـه پـايين           . باشد  گيری می    قابل اندازه  طور همزمان ب ها  جايی و تنش در زير دريچه       جابه
 جايي مشخص سپس، بعد از يک جابه. شود جا می االستيک جابهابتدا بطور توده خاک باالی دريچه  کند، آمدن می

ايـن  . دهـد   ريچه و دانسيته نسبی ماسه دارد، توده رفتار پالستيک از خود نشان مـی             که مقدار آن بستگی به قطر د      
به يک تراز حداقل ميـل  پيوندد، تا آنجا که تنش روی دريچه   که بدليل بروز پديده جريان به وقوع می        رفتار ماسه 

ريچـه بـه سـمت يـک        گيری شـده روی د      و تنش اندازه   گردد آنگاه فرايند گسيختگی آغاز می    . يابد  ادامه می ،  کند
  تـوده   از  روی دريچـه   اين مرحله توده  در. پيونددب تا اين که گسيختگی در توده به وقوع          کند   می رشدمقدار معين   
بـا توجـه بـه      . انجامد  ، می )پديده قوس  عروف به م(  پايدار ی به ايجاد گنبد   ردد و سر انجام   گ جدا می ماسه مجاور   

 از   به ازای مقـادير بـيش      توان يک دانسيته نسبی بحرانی تعريف کرد، به طوری که           یقطر دريچه مورد آزمايش، م    
ای ارائـه شـده و نتـايج           به دست آوردن شکل گنبـد ماسـه        رایبروابط رياضی   . آيد  ، قوس پايدار به وجود می     آن

ترزاقـی و  همچنين نتـايج، بـا تئـوری    .  با اين روش مورد مقايسه قرار گرفته است       اه آوری شده از آزمايش     جمع
 .فرض تئوری کران پايين، مقايسه شده است

 
 

1. INTRODUCTION 
 
When part of a soil mass yields, while other part 
adjoining the yielding part remains stationary, 
movement between yielding and stationary parts 
causes shear stress to develop. This shear stress 
opposes the relative movement of soil masses. 

Since the shearing resistance tends to keep the 
yielding mass in its original position, it reduces the 
pressure on the yielding part and increases it on the 
adjoining stationary part. The essential features of 
arching were demonstrated by Terzaghi performing 
experiments on sand with a yielding trapdoor. The 
shear plane theory was subsequently proposed by 
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him in 1943. The analysis involved studying the 
equilibrium horizontal element of soil, assuming 
that soil has perfectly plastic behavior. The 
equations that Terzaghi proposed for stress due to 
arching effect are [1]: 
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Where c is the coefficient of cohesion, q is 
surcharge pressure, 2B is trapdoor diameter, γ is 
the density of the soil, K is lateral pressure 
coefficient and z is the soil depth from the surface. 
Finn, et al [2] modified the plastic behavior 
assumption of Terzaghi and developed some 
experiments assuming the soil is linearly elastic. 
He obtained expressions for induced stresses in the 
mass of soil by vertical displacement and the 
rotation of a rigid strip. Borghignoli, et al [3] 
studied the arching effect in the soil over a flexible 
trapdoor and obtained expressions based on the 
relative stiffness between trapdoor and soil. 
Getzele, et al [4] used models composed of 
aluminum blocks with various shapes that were 
buried in coarse sand and a uniform pressure was 
applied to the surface of the sand. The blocks were 
connected to a ring that served as a flexible support 
for the model and as a gouge for the total vertical 
force applied to the structure. After the cylinder 
was buried in the sand, a uniform pressure was 
applied on the surface of the sand and the normal 
force acting on each segment was measured by 
load cells. Hoeg, et al [5] designed a model tunnel 
with a rigid steel cylinder, split longitudinally into 
12 segments. After the cylinder was buried in the 
sand, a uniform pressure was applied on the 
surface of the sand and the normal force acting on 
each segment was measured by load cells. Clough, 
et al [6] applied the finite element method to 

analyze retaining wall behavior using various 
assumptions regarding the characteristics of the 
interface between a wall and backfill. Atkinson, et 
al [7] examined the behavior of the shallow tunnels 
in dry sand using a tunnel model, lined with a thin 
rubber membrane in both laboratory situation 
under gravity acceleration and centrifuge with 75 g 
acceleration. The tunnel was constructed initially 
with an inner pressure equal to the overburden 
weight, which was then reduced in decrements 
until the tunnel collapsed. Then they compared the 
experimental results with the upper and lower 
boundary theory. The results showed that the upper 
and lower boundary theory has proper accuracy to 
estimate the loads applied to the lining of the 
tunnel. Koutsabeloulis, et al [8] studied the stress 
distribution around a trapdoor due to arching effect 
using finite element method. Ono, et al [9] studied 
the arching effect in the soil mass around a tunnel 
and behind a retaining wall using rubber 
membrane filled with air under presser equal to 
that applied from soil, then the pressure decreased 
until the air was extracted. The results then were 
compared with the ones obtained from theoretical 
study assuming equilibrium of an arbitrary soil 
element. Hashash, et al [10] presented a detailed 
interpretation of the evolution of stresses around a 
braced excavation in a deep layer of soft clay. The 
results provided a new insight for explaining the 
development of lateral earth pressures for braced 
excavations and give a quantitative illustration of 
conceptual load transfer mechanisms and soil 
arching. The boundaries of the arching zones for 
both single tunneling and parallel tunneling were 
determined by Lee, et al [11]. The prediction of 
tunneling-induced ground movements during 
excavation of soft ground tunnel has been carried 
out using various methods, including empirical 
methods derived from field observations [12] and 
centrifuge modeling [13,14], or numerical methods 
[15]. Park, et al [16] performed model tests under 
1g conditions to simulate tunneling events in 
unconsolidated ground with various levels of 
inclined layers. They found that remarkable non-
symmetrical distributions of the earth pressure 
arose when a tunneling event took place in an 
inclined layer with 60˚ inclination. Stone and 
Newson, et al [17] presented the results of a series 
of centrifuge tests designed to investigate the 
effects of arching on soil-structure interaction. 
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Figure 1. Sieve analysis of the test soil. 

Continuum approaches to describe the stress dip 
under sand piles can be found in Wittmer, et al 
[18], Savage [19] and Didwania, et al [20], and a 
comprehensive review of continuum efforts was 
presented by Savage [21]. Michalowski, et al [22] 
focused on the limit analysis approach and 
admissible radial stress fields in prismatic sand 
piles. In spite of vast investigations on soil arching, 
there hasn’t been an ample study done on the 
parameters affecting arching mechanism in a soil 
mass and the stress, strain path. Current paper 
presents results of an experimental work in which 
variations of normal stress exerted by circular trap 
doors are monitored while they were yielded 
downward gradually. 
 
 
 

2. PROCEDURE 
 
2.1. Soil Properties   The test soil was a 
cohesionless silty sand with No. 10 and No. 200 
sieve passings 100 % and 9 %, respectively. The 
gradation curve coefficient of curvature Cc and 
coefficient of uniformity Cu were 1.1 and 5.3, 
respectively. The sieve test result is introduced in 
Figure 1. The specific gravity of solid particles was 
2.61 and the moisture content was kept at 3 % 

throughout the experiments. The soil was classified 
as SP-SM according to USCS. The maximum and 
minimum dry densities were measured as 16.77 
and 12.26 kN/m3, respectively. In order to 
determine shear strength parameters corresponding 
to the relevant stress levels, direct shear tests under 
1.62 and 11.23 kPa surcharges were carried out. 
The results are illustrated in Figures 2 and 3. The 
magnitude of the internal friction angle φ depends 
on the magnitude of the state of the stress for a 
particular soil [7]. The lower the normal load the 
higher the φ angle. 
 
2.2. The Model Properties   An apparatus was 
designed and constructed. The whole system is 
schematically shown Figure 4. The sand container 
was 0.358 m3 in volume and 60 cm in height with 
an octagonal horizontal cross section with a 98 cm 
diameter circumferential circle. The container was 
made of 4 mm thick steel plate strengthened with 
stiffeners. Three concentric circular trapdoors 
mounted under the base of the container, as shown 
in Figures 4 and 6. The trapdoors were 10, 20 and 
30 cm in diameter which could yield downward 
separately by a very sophisticated computerized 
system as shown in Figures 4 to 6. The load 
magnitudes on the trapdoors, caused by the 
pressure of the overburden soil, were measured 
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Figure 2. Internal friction angle φ against relative density. 
 
 
 

 
 

Figure 3. Dilation angle ν against relative density. 

using a load cell. The displacement of the 
trapdoors and also the surface of the soil due 
to trapdoor yielding all were monitored using 
Linear Variable Deferential Transformer (LVDT) 
installed under the platform and over the soil 
surface. 
 
2.3. Test Procedure   At the beginning, without 
any displacement, the normal stress σ○ applied to 
the trapdoor is γh, in which γ is the density of the 
sand and h is the height of the mass of the sand in 

the container. In order to deposit the sand in loose 
condition it was poured from a defined height 
through a sieve No. 10; and in order to produce 
dense sand each layer of sand was compacted 
evenly with a 4.54 kg rammer. Each layer of soil 
was 5 cm thick, and the height of falling rammer 
and number of blows were varied depending on the 
expected densities. This stage was very time 
consuming and several tests were carried out to 
make sure that the soil density was the same 
throughout the whole mass. 
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Figure 4. Schematic diagram of the apparatus. 
 
 
 

 
 

Figure 5. General view of the test system. 
 
 
 

 
 

Figure 6. Detail of the trapdoors, load cell and displacement gauge. 
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     Having filled the container with sand, the nuts 
and bolts holding the trapdoor were unscrewed 
while the upward pressure on the trapdoor was 
being adjusted so that the trapdoor did not 
displace. This was a curtail point of course. At this 
stage the recorded stress was very close to γh. 
Following this stage the trapdoor was slowly 
yielded downward with loosening the major screw 
of the load cell. This trend continued until the load 
displayed by the load cell tended towards an 
asymptote. 
 
 
 

3. RESULTS 
 
The test results with 10, 20 and 30 cm diameter 
trapdoors are depicted in Figures 7, 8 and 9. In 
these figures the σ/σ0 is the ratio of normal stress 
applied on the trapdoor during any stage of 
yielding to the same stress at the initial state of 
trapdoor with no displacement. This stress ratio 
defines stress reduction level due to arching effect, 
indeed. ΔH is the trapdoor downward yield. 
 
 
 

4. DISCUSSION 
 
4.1. The Main Aspects of the Phenomenon   
Referring to Figures 7 to 9 it is observed that at the 
early stages of the tests, stress applied on the 
trapdoor due to soil weight decreases sharply as it 
yields. At this stage the whole mass of sand 
behaves mostly elastic. As the trapdoor yield 
proceeds, the stress ratio decreases and tends 
toward a minimum value and then increases again 
until it tends toward an ultimate constant level. 
This trend is true for all trapdoors. However, as the 
diameter of the trapdoor increases and/or the 
sands’ relative density decreases, the minimum and 
ultimate stress ratios both increase. This behavior 
may be interpreted as follows. As the trapdoor 
yield starts the overlying soil weight, exserted by 
the trapdoor, is transmitted gradually onto the 
container base, surrounding the trapdoor. For this 
reason at initial stage of the test, in which the sand 
mass behaves mostly elastic, a small yield is 
followed by a sharp decrease in the stress carried 
by the trapdoor. As the trapdoor yield proceeds, 

random plastic points in the sand mass deforms. At 
this stage stress adjustment due to trapdoor 
yielding is not immediate and occurs with some 
time lag. This is attributed to the flow phenomenon 
that occurs due to the plastic behavior of the 
yielding sand mass. Then continuing the 
downward displacement, and the stress ratio 
approaching a minimum value, failure occurs. At 
failure state, depending on the trapdoor diameter, 
relative density, and the dilation angle of the sand, 
the failing sand mass dilates, which imposes 
further stress on the trapdoor and continues until 
the failure surface has developed and the yielded 
mass of sand is separated from the whole mass. 
Following this stage there is no longer any stress or 
mass exchange between two parts. Accordingly, 
the load cell displays a constant value. It was 
observed that as the sands’ relative density 
decreased to a specified value, no stable arch was 
established and the failure surface developed up to 
the sand mass surface. A representative stable arch 
for 20 cm trapdoor diameter and relative density of 
Dr = 38.60 % is shown in Figure 10. 
     Referring to Figures 7 to 9, the ultimate stresses 
applied to the trapdoor are determined and plotted 
against relative density in Figure 11. It is observed 
that the ultimate stress ratio on the trapdoor 
generally decrease as the relative density increases. 
However, up to a certain Dr value, say 28 % for 20 
cm diameter, no stable arch is established. As the 
relative density increases the failure mode changes 
from sand flow to arch formation. In fact, there is a 
relative density boundary that defines the 
formation of stable arch. As the relative density 
increases, the stress approaches to a minimum 
value. At this relative density, the pressure applied 
to the buried trapdoor is minimum. Line B may be 
adopted as the stable and unstable arch boundary. 
As the soil relative density increases the stress on 
the trapdoor also increases and tends toward an 
asymptote. In other words, relative density 
increment has no longer any effect on the stress 
applied on the trapdoor. This behavior is true for 
cases that the stress on the trapdoor is minimum. 
Line A, however, may be referred to as a line that 
points out minimum stress ratio. It shows that at Dr 
= 39 % the stress ratio tends to be a minimum 
value. Probably this is due to the fact that, as the 
Dr value exceeds 39 % the soil density increases 
and causes the soil mass to collapse. Figure 12 
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Figure 7. Stress ratio-yield plots for 10 cm trapdoor diameter. 
 
 
 

 
 

Figure 8. Stress ratio-yield plots for 20 cm trapdoor diameter. 

illustrates the pressure imposed on the trapdoor 
against the relative density of the sand. In this case, 
similar to the ultimate stress case, the critical and 
minimum relative density may be defined. 
 
4.2. Mathematical Approach   In order to 
establish the best equation to fits the shape of sand 
arch, the pictures taken during the experimental 

works were investigated. In Figure 13, the sand 
arch picture for 20 cm trapdoor diameter and 14.21 
kN/m3 dry density (Dr = 51.03 %) is shown. This 
figure was selected as a representative case and the 
second to fourth order equations were examined 
for the best fit. As shown in this figure, it was 
observed that with the fourth order equation the 
best coincidence is achieved. Referring to the fact 
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Figure 9. Stress ratio-yield plots for 30 cm trapdoor diameter. 
 
 
 

 
 

Figure 10. Stable arch for 20 cm diameter trapdoor. 

that the arch shape is symmetric, the general fourth 
order governing equation is set to z = Ax4 + Bx2 + 
C. The mathematical model of the arch is shown in 
Figure 14. 
     According to the boundary condition: 
 

C2Bx4Axz ++=  
 
{ hc0x,hz =→==  
 

{ 0h
4

2DB
16

4AD0z,2/Dx =++→==  

Then: 
 

4

2AD
2

D
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The volume under the surface of the arch (V) is 
obtained from: 
 

dx)x(F.xb
a2V ∫π=  

 
From which: 
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Figure 11. Ultimate stress ratio-relative density plots. 
 
 
 

 
 

Figure 12. Minimum stress ratio-relative density plot. 
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The stress applied onto the trapdoor is: 
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Then the general equation of the ultimate stress 
applied onto the trapdoor will be as: 
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For 3 % moisture content the stress level will be as: 
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Figure 13. Comparing the results of the interpolation of the arches. 
 
 
 

 
 

Figure 14. Mathematical model of the arch. 

Then, the 3D equation of the of the arch boundary 
surface will be as: 
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Using the sand arch pictures provided during the 

experimental works and mathematical manipulations, 
the coefficients A and h are determined and plotted 
against relative density in Figures 15 and 16. The 
yielded sand mass volumes obtained from these 
equations and also directly from the tests, are 
summarized in Table 1. 
     Referring to Table 1 it is observed that, the arch 
volumes obtained from experiment and calculation 
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Figure 15. The A coefficient-relative density plot. 
 
 
 

 
 

Figure 16. The h coefficient-relative density plot. 

are quite close with an average error in the order of 
ΔV/V1 = 5.5 %. This proves that the precision of 
the mathematical approach of arch shape is in an 
acceptable order. 
 
4.3. Comparison of the Experimental 
Results with Terzaghi's Theory   Referring to 

the Terzaghi’s procedure, as explained above, the 
stress ratios applied to the trapdoors were 
calculated for different relative densities of sand 
and are shown in Figure 17. In order to carry out 
calculations, the equation No. 3 that was 
introduced in the introduction of this paper, was 
employed. 
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TABLE 1. Comparing the Volume of Arches Obtained from Calculation and Experimental Results. 
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6.30 0.2361 0.0031 0.2221 0.067 5000 12.75 13.13 0.10 

-5.54 0.1109 0.0017 0.1174 0.032 1000 14.88 15.33 0.10 

-11.02 0.0953 0.0013 0.1071 0.035 3700 13.24 13.64 0.10 

-13.30 0.1004 0.0015 0.1158 0.032 1200 14.50 14.94 0.10 

1.15 1.0322 0.0151 1.0205 0.065 0 14.21 14.64 0.20 

13.23 0.8414 0.0129 0.7431 0.064 500 14.88 15.33 0.20 

6.42 0.7240 0.0102 0.6803 0.05 200 13.67 14.09 0.20 

-11.91 0.7837 0.0113 0.8897 0.06 100 14.02 14.44 0.20 

2.54 0.8747 0.0127 0.8530 0.061 200 14.09 14.51 0.20 

1.85 0.9327 0.0129 0.9158 0.055 -100 13.43 13.83 0.20 

1.88 1.4662 0.0199 1.4392 0.085 -100 13.24 13.64 0.20 

-0.23 3.3656 0.0516 3.3735 0.082 -80 14.88 15.33 0.30 

-5.51 3.3005 0.0509 3.4928 0.082 -100 14.97 15.42 0.30 

-8.79 3.2503 0.0458 3.5634 0.084 -100 13.68 14.09 0.30 
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Figure 17. Stress applied onto the trapdoor obtained from Terzaghi's theory. 

     The coefficient of cohesion c is set to zero and 
there is no surcharge pressure on the sand, so q = 
0, and B is the trapdoor diameter. For each test σv 
was obtained from this equation. Note that 
according to the Trezaghi’s method the soil mass 
resting at above 2.5 times of a trapdoor diameter is 
assumed as surcharge. Referring to Figure 17, it is 
seen that the stress ratio σ/σ0 increases as the sand 
relative density increases. Also comparing 
Figure 17 with Figures 7 to 9 reveals that the 
stress values obtained from the Terzaghi's theory 
are corresponding to the stress values measured at 
low strains, say ΔH << 0.1 mm. 
 
4.4. Comparing the Results with the Upper 
Boundary Theory   In lower boundary theory, it 
is assumed that the soil behaves in elastic condition 
and there is not any failure in the soil mass. 
However, in upper boundary theory a complete 
failure in soil mass is assumed so that the failure 
surface above tunnel shapes a cone with 2ν vertex 
angle, in which ν is the dilation angle of the soil [7]. 
In Figure 18 the departed soil cones with 2ν and 2φ 
vertex angles and those obtained from the current 
experiment are depicted in which ν and φ are soil 
dilation and internal friction angle, respectively. It is 
seen that the theoretical cones with 2ν vertex angle 
are very conservative, as they are quite distinct from 
the experimental vaults. It appears that it would be 
more logical if the vertex angle was taken as 2φ 

rather than 2ν, although with 2φ angle the load due 
to arching is somewhat underestimated. 
 
4.5. Sand Mass Surface Settlement   Ultimate 
settlements in the center of sand mass surface due 
to trapdoors yielding are plotted in Figure 19 
against relative density. It is observed that for all 
three trapdoors sand surface settlement decreases 
gently and tends towards a negligible value as the 
relative density increases. The best fit curves are 
shown in this figure and are third order functions. 
It appears that for a defined thickness of sand mass 
and trapdoor diameter there is a relative density at 
and above ground surface settlement, due to 
arching effect is negligible. 
 
 
 

5. SUMMARY AND CONCLUSIONS 
 
• Relative density of the soil and the trapdoor 

diameter, both are dominant factors 
affecting formation of a stable arch. As the 
trapdoor yields, following a small initial 
mostly elastic strain, the soil mass deforms 
plastically with larger strain rates and 
pressure applied onto the trapdoor decreases 
to a minimum value. Then, as the trapdoor 
yield continues, depending on the dilation 
angle and relative density of sand, stress  
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Figure 18. Comparison of cones with 2ν and 2φ vertex angles with test results. 

 
 
 

 
 

Figure 19. Ultimate settlement of sand surface due to trapdoor yielding. 
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          level on the trapdoor increases gently and 
finally tends towards a constant value. At 
this stage the yielding sand mass separates 
from the whole mass. 

• There is a critical relative density below 
which no stable arch is establishid. Also, 
there is an optimum relative density at which 
the stress applied onto the trapdoor is a 
minimum value. Above this relative density 
the stress level gently increases and 
ultimately tends towards a constant value 
(Figures 11 and 12).  

• As the trapdoor yields, an upper and lower 
boundary for the stress applied onto the 
trapdoor can be defined. 

• With Terzaghi's theory the stress ratio σ/σ0 
increases as the relative density increases, 
however, the current work proves that the 
ultimate stress decreases as the soil relative 
density increases. This may be attributed to 
the fact that the stress values obtained from 
Terzaghi's theory correspond to very low 
displacements. 

• Comparing the results with the upper 
boundary theory, it is seen that the 
theoretical cones with 2ν vertex angle are 
conservative, as they are quite distinct from 
the experimental vaults. It appears that it 
would be more logical if the vertex angle 
was taken as 2 φ rather than 2ν. 

• For each thickness of sand mass and 
trapdoor diameter there is a relative density 
at and above which, the ground surface 
settlement due to arching effect becomes 
practically negligible. 
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