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ABSTRACT: Differential settlement of road surfaces affects the operation of ambulances, fire engines and other emergency vehicles 
during the period after earthquakes. Such settlement, which is prominent at boundaries between underground structures, and related 
longitudinal/vertical alignment can be mitigated by applying cement-treated soil supported by a geotextile (referred to here as CSSG) 
to the subgrade. In the present study, a series of laboratory model tests involving the simulation of differential settlement between 
underground structures and the soil foundation was carried out to establish a design method for CSSG. In this work, a model wheel 
load was applied to a CSSG model to simulate vehicle traffic after generation of differential settlement. Based on the results, the 
authors propose a method for predicting longitudinal vertical alignment of road surfaces after differential settlement between 
underground structures and the soil foundation and of failure loads under traffic loading using elastic beam theory. 

RÉSUMÉ: Après un tremblement de terre, du fait du tassement différentiel du revêtement routier, les dommages occasionnés 
aux voies routières sont souvent aggravés par le passage des véhicules de secours, ambulances et voitures incendie. Ce tass
ement différentiel peut se produire au niveau de la frontière des structures souterraines différentielles. Nous avons procédé, 
en laboratoire, à des tests sur modèle consistant à appliquer des terres traitées au ciment sur membrane géotextile, ci-après 
appelées « CSSG », sur le sol de fondation pour égaliser l’alignement longitudinal vertical. Ces tests simulaient un tassem
ent différentiel entre la structure souterraine et le sol de fondation. Nous avons ensuite appliqué la charge représentée par 
une roue modèle au modèle de CSSG afin de simuler les conditions d’une circulation routière. Au vu des résultats, les aut
eurs proposent, avec l’utilisation de la théorie des poutres élastiques, une méthode de prévision de l’alignement longitudinal 
vertical du revêtement routier après un tassement différentiel entre structure souterraine et sol de fondation, et de la charge 
de rupture sous l’effet de la circulation routière. 
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1  INTRODUCTION 

Differential settlement of road surfaces affects the operation of 
ambulances, fire engines and other emergency vehicles during 
the period after earthquakes. Such settlement is prominent at 
boundaries between underground structures and backfill 
(Tokida et al. 2007), and can be mitigated by placing geotextiles 
above and below cement-treated soil (Shimoguchi et al. 2012, 
Figure 1). Other than the need for geotextile placement, this 
method does not involve special operations outside the scope of 
conventional pavement work, nor does it require major 
excavation or foundation work, making it suitable for the 
reinforcement of existing roads. To establish a design method 
for this countermeasure method, the authors conducted a series 
of model tests involving differential settlement between 
underground structures and subsequent vehicle passage.  
 

 
Figure 1. Cement-treated soil supported by geotextile (CSSG). 

2 TEST CONDITIONS AND METHOD 

The test set-up involved five descending tables, each allowing 
up to 20 cm of differential settlement (Figure 2). Four of the 
tables descended simultaneously, while the other stayed at its 
original level to represent differential settlement. 

Figure 3 shows a cross section of the model road. Before 
settlement, a cement-treated soil layer with geotextiles above 
and below (cement-treated soil supported by geotextiles, CSSG) 
was placed on the descending tables and covered with 20 cm of 
soil representing overburden load. Differential settlement was 
introduced at a predetermined material age of the cement-
treated soil, and the distance between settlement-related cracks 
in the soil was measured. 

Table 1 shows the test cases. Soil containing sub-20 mm 
gravel with 7% moisture content mixed with a predetermined 
percentage of blast-furnace slag cement was used. The tensile 
strength values shown in Table 1 were determined from the 
results of a splitting tensile strength test on rocks (JGS2551-
2009) with cylindrical specimens under the conditions used for 
the CSSG model. Woven polyester fabric (Fig. 4) was used as 
the geotextile. Soil containing sub-20 mm gravel mixed with 
Kasaoka clay was used to represent the overburden. Both the 
CSSG and the overburden were compacted with a tamping 
rammer and by the placement of formwork at the front and back 
of the differential-settlement generator. 

Differential settlement was generated once the CSSG model 
and cover soil were in place and the formwork had been 
removed. The descending tables were lowered in increments of 
1 cm to allow observation of crack development at different 
magnitudes of settlement. 
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 The set-up shown in Fig. 5 was used to apply simulated 
wheel loads. With this structure, loads of up to 10 kN could be 
applied to the model road by pulling a model wheel (a metal 
roller) using a bellows-diaphragm cylinder. Vehicle passage 
could also be simulated by moving the cylinder along rails 
parallel to the CSSG model. 

The overburden was used during differential settlement 
generation because the location of cracks in the descending 
portion was dependent on the CSSG and overburden weights. 
However, the cover soil was removed after the introduction of 
differential settlement because it lacked the strength needed to 
bear the simulated wheel load, which was raised in 0.2 kN 
increments from approximately 1.5 kN. The model wheel 
moved once in each direction at each raise in load magnitude. 
The model test was terminated when the CSSG collapsed. The 
load at this point was defined as the failure load. 

To determine displacement distribution of the model surface, 
21 laser displacement sensors were installed directly above the 
model surface as shown in Fig. 2. Tensile force in the geotextile 
was evaluated using 20 strain gauges placed as shown in Fig. 2. 

 

 
Figure 2. Longitudinal model of the test set-up. 

 

 
 

 
 

Table 1. Test cases. 

 

 
Figure 5. Wheel load simulation set-up. 

3  TEST RESULTS 

3 .1  Differential settlement generation test 

3.1.1   Deformation behavior of CSSG in response to 
differential settlement 

Figure 6 shows model deformation observed in response to 
differential settlement. With minor settlement of less than 1 cm, 
visual inspection revealed two cracks in the cement-treated soil: 
one at a fixed portion on the boundary between descending 
tables 1 and 2, and the other in the descending portion with a 
location dependent on the tensile strength and thickness of the 
cement-treated soil. Subsequent crack development involved 
only the soil mass between the two cracks rotating with 
increasing magnitudes of differential settlement. 
  

 
Figure 6. Model deformation (Case 6). 

3.1.2   Tensile force in strain gauges 
Figure 7 illustrates tensile force estimated on the basis of strain 
in the geotextile. Tensile force in the geotextile remained low 
even after the generation of a 20 cm differential settlement 
(representing approximately 15% of the geotextile’s tensile 
strength). Similar trends were identified in all test cases. At a 
differential settlement of approximately 1 cm, which initiated 
crack development, the tensile force in the geotextile was as 
low as 1% of the tensile strength. 
 

Figure 7. Tensile force estimated from strain in the geotextile. 
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  3.1.3  Beam-method evaluation of span length 
The locations of cracks in the cement-treated soil were 
determined from the tensile strength of the soil, as no 
significant tensile force was observed in the geotextile with 
small amounts of differential settlement. Based on the 
assumption that such soil behaves elastically before crack 
development, modeling of the CSSG as a beam with one end 
fixed and the other end anti-rotated (Fig. 8) enabled 
determination of tensile edge stress at the crack location in the 
descending portion using: 
 

Tensile edge stress ＝ 
p×L2

b×h2   …(1)  
Here, p is a uniform load (dead load), L is the span length, b is 
the width of the cement-treated soil and h is its thickness. 

In Equation (1), p, b and h are constants determined under 
test conditions. Hence, the span length L can be calculated by 
substituting the tensile strength of the cement-treated soil for 
the tensile edge stress. 

Figure 9 compares predicted span lengths based on Equation 
(1) and measurements including full-scale test data 
(Shimoguchi et al. 2012). Both sets of values are at the same 
level. Accordingly, the span length L can be predicted using 
Equation (1).  

 

 
Figure 8. Modeling of the geotextile-reinforced layer as a beam with 

one end fixed and the other end anti-rotated. 
 

 
 

Figure 9. Comparison of predicted span lengths and measurements. 

3.2  Simulated wheel loading test 

3.2.1   Failure wheel load 
Figure 10 shows the relationships between the tensile 

strength of the cement-treated soil and its failure load as 
determined from a loading test. Failure loads were higher in 
cement-treated soil with higher tensile strength and thicker 
CSSG. The latter was predominant between the two factors. 

Variations in the tensile strength of the geotextile did not 
lead to any increasing trend in the failure load. However, it 
should be noted that the model test involved no overburden 

pressure, which is a condition under which the geotextile is less 
likely to exert reinforcement effects. It is thus inferred that 
CSSG in an actual road would exhibit increased failure load due 
to the improved reinforcement effect of the geotextile from the 
confining effect of overburden pressure. 

 

 
Figure 10. Relationship between the tensile strength of cement-treated 

soil and its failure load. 

3.2.2   Examination of the failure load prediction formula 
As discussed in 3.1, the portion between the two cracks of the 
cement-treated soil behaves as a single soil mass after the initial 
development of two cracks in the cement-treated soil resulting 
from the introduction of very small amounts of differential 
settlement. As detailed in 3.2.1, the failure load is also 
independent of the tensile strength of the geotextile. 
Accordingly, it should be possible to model the behavior of 
CSSG during the wheel loading process as a beam of cement-
treated soil mass. 

The failure load of a soil mass with a span length L as 
determined using Equation (1) can be predicted using Equation 
(2), assuming that the soil mass is a beam with one end fixed 
and the other end simply supported as shown in Figure 11. The 
uniform (dead) load and the concentrated (wheel) load 
produced the maximum bending moment at 0.625L and 0.634L, 
respectively, from the crack at the fixed end. Accordingly, there 
was only a minor difference between these locations. Hence, 
another assumption made for simplicity was that the soil mass 
would fail at the position of the maximum bending moment 
produced by the uniform load. 

 

 Failure load P ＝
8192

1425×L
×

b×h2

6
×ft-

9×p×L2

128
 …(2) 

 
Here, L is the span length, b is the width of the cement-treated 
soil, h is the height of the CSSG, ft is the tensile strength of the 
cement-treated soil, and p is the uniform (dead) load. 

Figure 12 compares predicted failure load values based on 
Equation (2) and measurements obtained from the model test. 
The predicted values were similar to the measurements despite 
some scatter, indicating the validity of Equation (2) for failure 
load prediction. 

Figure 12 presents a side-by-side comparison of different 
end-support conditions with the additional assumption of a 
simple beam and one with both ends fixed. Both sets of values 
were similar with the assumed both-ends-fixed beam, which 
nonetheless resulted in lower-than-expected values. Accordingly, 
the assumption of a beam with one end fixed and the other end 
simply supported is more appropriate for conservative design. 
As justification for these support conditions, it is quite probable 
that in the crack area at the fixed end (where deformation 
occurs as an upward protrusion) a tensile force acts in the upper 
geotextile and restricts soil mass rotation. Meanwhile, in the 
crack area at the descending end (where deformation occurs as 
a downward protrusion), the upper geotextile is relatively free 
from tensile force and is ineffective in restricting soil mass 
rotation. 

0

20

40

60

80

100

120

140

0 20 40 60 80 100 120 140

m
e

a
su

re
d

 s
p

a
n

 l
e

n
g

th
(㎝

)

predicted span length(㎝)

laboratory model test data

full scale test data

-20%

+20% 1：1

0

2

4

6

8

0 200 400 600 800 1000

fa
il

u
re

 l
o

a
d
（

k
N

）

tensile strength of cement-treated soil（kN/m2）

tensile strength of geotextile：300kN/m
tensile strength of geotextile：1000kN/m

thickness of CSSG15㎝

thickness of CSSG：10㎝

- 1401 -



  Proceedings of the 19th International Conference on Soil Mechanics and Geotechnical Engineering, Seoul 2017 

 

 
Figure 11. Modeling of CSSG as a beam with one end fixed and the 

other end simply supported. 

  
Figure 12 Comparison of predicted failure loads and measurement 

values. 

4  CSSG METHOD DESIGN FLOW 

The test and analysis results support the development of a 
CSSG method with the flow shown in Fig. 13, whose terms are 
defined in Fig. 14. 

First, the input of data on cross-section specifications and 
tensile strengths of cement-treated soil enables span length 
calculation based on Equation (1). This length, combined with 
an assumed magnitude of differential settlement, determines the 
angle of bend in the differential settlement area. Data on road 
surface geometry, this angle and a given vehicle geometry can 
be input into a CAD program along with information on vehicle 
passage to determine whether the underside of the vehicle will 
come into contact with the road surface. 

Next, Equation (2) was used to calculate the failure load. If 
the wheel load of the vehicle is below this level, it can be 
concluded that the vehicle will proceed without CSSG failure. 

5  CONCLUSION 

In this study, a series of model tests were conducted to simulate 
differential settlement between underground structures and 
backfill and to clarify how cement-treated soil supported by 
geotextiles (CSSG) responds to such settlement. The results 
showed that very small degrees of settlement led to the 
generation of two cracks in the soil followed by rotation of the 
soil mass between them. It was also found possible to predict 
crack locations by modeling the soil mass as a beam with one 
end fixed and the other end anti-rotated using the tensile 
strength of the cement-treated soil. 

Failure wheel loads were also examined in a model test 
involving the simulation of vehicle passage after subgrade 
differential settlement. The results showed that failure loads 
were higher for cement-treated soil with higher tensile strength 
and thicker CSSG, with the latter being a more predominant 
factor. Another finding was that failure wheel loads can be 
predicted by modeling the cement-treated soil as a beam with 
one end fixed and the other end simply supported. 

  
Figure 13 CSSG method flow. 

 

  
Figure 14 Definition of design flow terms. 

 
 

In this series of model tests, the failure load was 
independent of the tensile strength of the geotextile because the 
tests involved no overburden pressure. However, CSSG in an 
actual road would exhibit increased failure load because the 
reinforcement effect of the geotextile would be higher due to 
the confining effect of overburden pressure. Geotextiles are an 
important component of this method because they prevent the 
cement-treated soil mass from falling into the differential 
settlement area. The authors thus propose a design flow in 
consideration of the above experimental results with 
specification options to prevent vehicle undersides from coming 
into contact with the road surface and to avoid CSSG failure 
caused by wheel loads.  
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