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ABSTRACT: Site investigation using pressuremeters is playing an increasingly important role in practical design. The 

typical usage of the pressuremeter is to estimate the static properties of in-situ soil. However, if the stiffness degradation 

of soil under the cyclic loading can be evaluated by a pressuremeter, then the in-situ testing becomes more meaningful. 

Therefore, we carried out the in-situ cyclic loading test using a pressuremeter in order to assess the stiffness degradation 

of soil, such as cyclic softening. From this testing, cyclic softening behavior (degradation of stiffness and peak pressure) 

was clearly observed in the weak layers. On the other hand, in the stiff layer, the pressure hysteresis indicated a small 

decrease in peak pressure even after the cyclic loading; in addition, the hardening behavior was measured in relation to 

soil stiffness. Furthermore, the shape of the pressure path caused by the in-situ cyclic loading using a pressuremeter 

captured information on the cyclic mobility of soil in the surrounding ground. This has indicated that using a pressure-

meter is a possibility for the assessment of stiffness degradation of soil by in-situ cyclic loading. 
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1. Introduction 

In site investigation and assessment, pressuremeter 

tests in boreholes [1] have been widely utilized because 

of simplicity and usefulness for obtaining measurements 

of the in-situ properties of soil. Designers in geotech-

nical engineering need information from soil samples 

with less disturbance, and are focused on how to esti-

mate values such as shear modules or strength of soils, 

for in-situ conditions. 

The general usage of the pressuremeter is to estimate 

static properties of in-situ soils, obtained from conduct-

ing the pressuremeter test under the conditions of mono-

tonic loading/unloading processes. These test conditions 

during loading/unloading processes have typically been 

considered in an undrained condition [2], which is an 

important state. This is because the undrained condition 

enables the assessment the mechanical properties (cyclic 

softening or hardening) of soil corresponding to the un-

drained cyclic shear test. However, there have been no 

attempts to evaluate the softening behavior of soil under 

the cyclic loading condition using the pressuremeter test 

in weak ground. 

If designers can evaluate the stiffness degradation of 

soil from in-situ cyclic loading tests, they can be used 

for simple primary judgments of the soil characteristics, 

to select the soils that should be used to carry out labor-

atory tests. Even in laboratory tests, no matter how ac-

curate the apparatus, the results include variations due 

to sampling disturbance, the testing procedure, and oth-

er human errors. Therefore, it makes sense to carry out 

in-situ cyclic loading using a pressuremeter, to make 

simple primary judgments of the soil characteristics. 

The pressuremeter is installed in the borehole verti-

cally and its membrane expanded by water/air pressure 

supplied from the compressor. Fig. 1(a). shows the typi-

cal relationship between the inside pressure of the pres-

suremeter and the volume of the pressuremeter, ob-

tained by the typical testing procedure under the 

monotonic loading. From this relationship, the ini-

tial/unloading shear stiffness (Gi and Gur) and the total 

horizontal stress in the ground are calculated [3], and 

the yield stress (peak pressure) can also be obtained as 

required [4].  

In addition to the above, the pressuremeter test is 

widely used in the site investigation for the viewpoint of 

practical design. For example, Bahar et al. [5] made a 

forecast of the creep settlement of heavy structures us-

ing the long-term pressuremeter test. Briaud [6] demon-

strated that the degree of creep increases with the stress 

applied over strength ratio, and depends on the soil type 

and stress history. In addition, Briaud and Gibbens [7] 

produced the power law model, which is based on 

measurements of large-scale footings on unsaturated 

ground. Jang et.al [8] assessed the consolidation charac-

teristics of clays by means of the self-boring pressure-

meter test. The effects of the pressuremeter geometry, 

the partial drainage during cavity expansion, and the 

cavity strain level were investigated.  

The saturated and unsaturated conditions have been 

considered in the identification of parameters for elasto-

plastic modeling by Zhang et al. [9]. There is now also 

some utilization of artificial intelligence (AI), Rashed et 

al. [10] produced an example of non-linear modeling of 

soil deformation modulus through the interpretation of 

pressuremeter test results with AI. Looking at efficient 

practice, Masoud [11] developed the high quality and 

cost-effective drilling system of pre-bored pressure-

meter testing. 

Moving on to the stiffness degradation of soil, Baud 

et al. [12] proposed a hyperbolic model for monotonic 



 

 

loading to describe the stress strain relationship, with 

the limit pressure obtained by a pressuremeter test. This 

pressuremeter test was based on the results at a stiff clay 

site and a dense sand site. Although few studies com-

pare various values of shear modules obtained by pres-

suremeter test under the monotonic loading, these stud-

ies cover only the stiffness corresponding to monotonic 

loading [13]. 

Little and Briaud [14] compared the in-situ cyclic re-

sponse of steel pile and the pressuremeter test in stiff 

sandy ground (N=21). The power law model to calcu-

late the secant modulus of soil was indicated with rela-

tion to the number of cyclic loads. However, the stiff-

ness degradation and the strain softening were not 

measured because it was focusing on stiff ground, not 

soft ground. 

As mentioned above, the pressuremeter test has a 

wide range of applications, but there are no studies fo-

cusing on the stiffness degradation of soil under cyclic 

loading measured by pressuremeter on weak ground. 

Therefore, we carried out the in-situ cyclic loading test 

using a pressuremeter in order to assess the stiffness 

degradation of soil such as cyclic softening. The sche-

matic loading path of the in-situ cyclic loading using 

pressuremeter is indicated in Fig. 1(b). By means of cy-

clic shear loading, for example in sandy ground, excess 

pore water pressure will be increased and as a result, the 

shear stiffness (Gcyc in Fig. 1(b)) might be gradually de-

crease. Therefore, if the decrease in stiffness is meas-

ured, this means the softening of soil might be charac-

terized in-situ without costly laboratory testing. Ideally, 

actual excess pore water pressure in the ground should 

be measured, but cannot be easily obtained because 

commonly used pressuremeters have no water pressure 

meter. Therefore, for ease and simplicity, we calculate 

only the shear stiffness during cyclic loading, and char-

acterize the soil behavior as such.  

From the above, an example of in-situ cyclic loading 

behavior using a pressuremeter and the observed behav-

ior of soil in the ground are presented in this paper. 

 

2. Testing procedures and field conditions 

2.1. Pressuremeter devices 

Pressuremeter tests are generally classified into two 

types by installation method. The two categories are the 

Ménard-type pressuremeter (MPM) test and the Self-

boring pressuremeter (SBP) test. The former is installed 

in pre-formed boreholes, while the latter bores by means 

of its own cutter shoe. In this study, the MPM test was 

used because we needed to sample the less disturbed 

soils by using a triple tube sampler at the same borehole 

for the laboratory test (in future research).  

Fig. 2 shows the pressuremeter device which was 

used for this study. The basic system configuration has 

no special components. The length of the pressuremeter 

is 600 mm and the diameter is 80 mm, which is smaller 

than the borehole size of 87 mm. The pressure control 

apparatus supplies the water pressure controlled by lap-

top PC. Water has a very large bulk modulus; therefore, 

we can obtain the volumetric/radial changes of the pres-

suremeter from the amount of injected water. These al-

low the in-situ cyclic loading test to be conducted by 

use of the pressuremeter, under the volumetric strain-

controlled condition. 

2.2. Field conditions 

The main purpose in this study is to assess the me-

chanical properties of soil, such as softening, by in-situ 

tests. Accordingly, this study needed homogeneous 

ground representative of the actual field. Therefore, we 

selected a reclaimed site consisting of dredged sand at 

the Onahama port in Iwaki city, Fukushima prefecture, 

Japan (Fig. 3). It is reported that the site has a stratifica-

tion bedding of loose sandy soils that are susceptible to 

liquefaction, and each layer has less spatial variation of 

liquefaction strength [15]. This means the ground condi-

tion there was suitable for the site investigation in this 

study. The position of the study at the Onahama port is 

shown in Fig. 3. 

Fig. 4 shows the distribution of N-values obtained by 

the standard penetration test (SPT), which was carried 

out at a nearby point of study [15]. The yellow section 

and the green section indicate the very loose and weak 

layers, which consist of the fine sand or fine sand with 

silt. The red lines in Fig. 4 show the center depth at 

which pressuremeter tests were conducted. The lower 

three in-situ cyclic loading tests were conducted in weak 

layers with different depth (G.L.-7.5m~-9.5m; P3~P5) 

as shown in Fig. 5. Further, for comparison, the cyclic 

loading tests were also conducted in the layer above 

groundwater (G.L.-0.5m; P1) and the stiff layer (G.L.-

1.5m; P2).  

 
(a) Typical method       (b) Proposed method 

Figure 1. Schematic loading path of the in-situ cyclic loading 

test using pressuremeter 
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Figure 2. Pressuremeter devices for cyclic loading 
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2.3. Testing procedures 

In order to install the pressuremeter into the ground 

the borehole was formed to each target depth by the 

SPT machine, and the borehole was filled with mud wa-

ter to prevent the collapse of the hole surface. Second, 

the pressuremeter was installed to the target depth and 

applied the initial pressure corresponding to the total 

horizontal stress, which is calculated from the unit 

weight of soils and the coefficient of earth pressure K0 

(For simplicity, we are assuming K0 = 0.5 in this paper). 

The pressure of the pressuremeter is supplied by the in-

jection of water, thus we can monitor the pressure and 

the volumetric changes over time.  

Third, as mentioned in section 2.1, the in-situ cyclic 

loading tests were carried out under the volumetric con-

trol condition. Fig. 5 shows the outline of the whole 

loading steps, and the cyclic loading condition in each 

step with the target values of radial strain, which are 

calculated by volumetric changes. The amplitude of cy-

clic pressure was gradually increased in order to observe 

changes in soil stiffness, which might be affected by cy-

clic histories and strain levels. These processes were re-

peated at each depth corresponding to P1 to P5. 

It is important to note that the values of radial strain 

in this paper are based on the continuum mechanics un-

der the small strain condition [2] [16] with Poisson’s ra-
tio 0.3, therefore this assumption is strictly different to 

the viewpoint of elastoplastic theory, which is important 

for cyclic behavior. We understand this problem, but the 

primary focus of this study is to assess the stiffness deg-

radation of soil. Thus, in this paper, we have used the 

values of strain only as practical conditions in loading 

tests, and didn't use them for calculating the strict strain. 

3. Results of in-situ cyclic loading using 

pressuremeter 

3.1. Pressure path of pressuremeter 

The results of in-situ cyclic loading using the pres-

suremeter are shown in this section. The loading path 

showing the relationship between the pressure of the 

pressuremeter and the radius displacement are shown 

Fig. 6 to Fig. 10, which correspond to P1 to P5 respec-

tively (The radius displacement “zero” corresponds to 

the pressuremeter radius of 80mm). The radius dis-

placements in the loading path were obtained from the 

quantity of injected water each step. For comparison, 

the calibration paths of membranes under the same load-

ing hysteresis, which were measured in atmospheric 

conditions, were plotted in the same graphs. 

First, regarding the validity of testing, we found that 

the loading path of P1 (Fig. 6) has been affected by dis-

 
Figure 3. Overview of Landfill in Onahama port, which is lo-

cated on the coast of Iwaki city, Japan 
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Figure 4. Distribution of N-values obtained by the standard 

penetration test, which was carried out at the nearby investigated 

point (The red lines show the center depth at which pressuremeter 

tests were conducted) 
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Figure 5. Outline of whole loading steps and the cyclic loading 

condition in each step with the target values 
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turbance at the time of forming the borehole, for the fol-

lowing reasons; 

1. The loading path has a very low gradient or the 

counter-gradient at the early stage of loading 

2. The loading path of P1 is located below the cal-

ibration path of membrane; this means the sur-

rounding ground has “negative” stiffness 

3. The reverse curvature of loading-unloading 

path in whole steps 

These phenomena are caused by typical disturbance and 

have been pointed out by Mair and Wood [2]. For these 

reasons, the result of P1 is unsuitable for discussion in 

this study. This means that the Self-boring pressure-

meter (SBP) test is more suitable than the Ménard-type 

pressuremeter (MPM) test in the case of an in-situ cy-

clic loading test in sandy ground at a shallow depth. 

This is very important for such in-situ tests. 

On the other hand, the P2 to P5 data (Fig. 7 to Fig. 

10) have none of the trends mentioned above. Therefore, 

it is considered that the results of P2 to P5 are suitable 

for discussion in this paper. First, focusing on the results 

of P2, which was conducted at the stiff layer (Fig. 7), 

little reduction of stiffness has occurred in all steps. The 

hysteresis loops, by cyclic loading, became stable 

shapes at the end of each step. In addition, the pressure 

hysteresis under the volumetric controlled condition 

(Fig. 11) indicate that little decrease of peak pressure 

(the softening) occurred even at the last loading step. 

This means that the surrounding ground of P2 is unlike-

ly to experience significant softening. 

By contrast, in the results from weak layers, the peak 

pressure gradually decreased as the number of loading 

cycles increased (P3 to P5, in Fig. 8 to Fig. 10). Espe-

cially in the last loading step, it can be seen that the 

stiffness of soils was almost lost. Thus, at the end of cy-

clic loading steps (in the sixth step), all of the loading 

paths of P3 to P5 were almost equal to the calibration 

path of the membrane. This indicates that the strength of 

the soils was completely lost and only membrane stiff-

ness was measured. Therefore, this is evidence that sig-

nificant softening of soil had occurred in the ground sur-

rounding the pressuremeter. It is important to note that 

even if significant softening occurs and the stiffness is 

completely lost, the pressure of the pressuremeter under 

the volumetric strain control does not become zero, be-

 

 
Figure 6. Relationship between the pressure of the pressuremeter 

and the radius displacement by cyclic loading in P1 

 

 

 
Figure 7. Relationship between the pressure of the pressuremeter 

and the radius displacement by cyclic loading in P2 
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Figure 8. Relationship between the pressure of the pressuremeter 

and the radius displacement by cyclic loading in P3 
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Figure 9. Relationship between the pressure of the pressuremeter 

and the radius displacement by cyclic loading in P4 
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Figure 10. Relationship between the pressure of the pressure-

meter and the radius displacement by cyclic loading in P5 
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cause the membrane tension exists. Also, in Fig. 12 to 

14, which show the pressure hysteresis during the cyclic 

loadings, although the softening occurred, the pressure 

of the pressuremeter did not become zero and converged 

to a fixed value.  

Additionally, comparing the loading path of P2 (Fig. 

7) and P3-P5 (Fig. 8-10), the peak pressure of P2 was 

smaller than the values of P3-P5 under similar volumet-

ric control conditions, although the N-value of P2 is 

larger than the values of P3-P5. This indicates that the 

soils in this site have independence of confining pres-

sure, thus the differences in the peak pressures appeared 

in the loading path. 

3.2. Stiffness change and interpretation of 

softening/hardening in the surrounding 

ground 

Fig. 15 to 18 indicate the relationship between the 

equivalent stiffness ratio and the number of cyclic loads 

of all loading steps in each depth (P2 to P5). The equiv-

alent stiffness ratio in the vertical axis is defined as the 

value which is obtained from the current stiffness in 

each step, divided by the maximum value of stiffness in 

all of the steps. Here, as shown in Fig. 19, these values 

were calculated as the secant stiffness, which is exclud-

ed from the influence of membrane tension.  

In the stiff layer (P2), Fig. 15 shows that the equiva-

lent stiffness ratios increased with the progress of the 

loading steps, although the data is scattered in the step 3. 

This means that soil hardening occurred in the layer of 

P2. Here, the equivalent stiffness ratios in the early 

steps have a large variation. Especially in step 1 and 2, 

the stiffnesses indicated the high variation and the nega-

tive values in most steps, therefore the results of step 1 

and 2 are not plotted in Fig. 15. There are two reasons 

for this. One is that the overburden pressure of P2 is 

small. The other is that the values of the applied volu-

metric changes of the pressuremeter in the initial stage 

of loading were very small, and therefore the data was 

affected by the error in the measuring and controlling 

pressure processes. This demonstrates that the difficulty 

of testing in shallow layers, and the importance of the 

selection of the testing method, such as the self-boring 

type pressuremeter. 

On the other hand, in the weak layers (P3 to P5) the 

trends in the results show the equivalent stiffness ratios 

decreased with the progress of the loading steps and the 

number of cyclic loads. This can be interpreted as the 

softening occurring from the cyclic loading in the weak 

layers. This behavior is obviously different from the be-

havior in stiff layers. However, the trends of the early 

step of loading (Especially in step 1) were relatively 

scattered compared to the other loading steps. This is 

because the values of applied volumetric changes in the 

initial stage were very small, as mentioned above. By 

contrast, the trends of the last step of cyclic loading 

(step 6) have little variation in the equivalent stiffness 

ratio, although the soils at the last step have less stiff-

ness. This behavior suggests that the excess pore water 

pressure in surrounding ground was increased by cyclic 

loading, and as a result the softening behavior and the 

decrease of stiffness occurred.  

 
Figure 11. Pressure history of the pressuremeter under the volu-

metric controlled condition in P2 

 

 
Figure 12. Pressure history of the pressuremeter under the volumet-

ric controlled condition in P3 

 

 
Figure 13. Pressure history of the pressuremeter under the volumet-

ric controlled condition in P4 

 

 
Figure 14. Pressure history of the pressuremeter under the volumet-

ric controlled condition in P5 
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From the above results, it is indicated that the in-situ 

cyclic loading test using a pressuremeter enables the as-

sessment of the mechanical behaviors of the soil such as 

softening/hardening in the real ground conditions. This 

in-situ testing method makes sense in that it is easy to 

determine the soil characteristics at the actual site loca-

tion. However, it is necessary to ensure that the sur-

rounding ground around the pressuremeter is not in a 

fully undrained condition. In reality, ground is in a par-

tially permeable condition, and thus the proposed meth-

od in this paper requires an evaluation of the relation-

ship between the permeability and the loading speed, to 

be conducted in future research. If the permeability 

conditions in the surrounding ground can be defined, 

then evaluation of the degree of liquefaction becomes 

possible using this method. This shows some of the fur-

ther potential of the in-situ pressuremeter testing. 

With regards to the relation of the final stiffness in 

each loading step versus the displacement, the graphs of 

P2 to P5 were obtained as shown in Fig. 20 to 23. In the 

stiff layer (P2), the equivalent stiffness ratio increased 

with the progress of the radius displacement as shown in 

Fig. 20. As mentioned above, this trend shows the hard-

ening behavior of the soil. 

By contrast, in the weak layers (P3 to P5), all the 

equivalent stiffness ratios rapidly decreased in the early 

steps of loading, with a range of radius displacement of 

0.0 to 2.0mm. By the time the radius displacement was 

2.0mm, all the equivalent stiffness ratios became less 

than 0.2 (20%) of the initial values, and had almost lost 

its stiffness in the range of over 2.0mm. Therefore, in 

order to grasp the probability of softening by in-situ 

tests using a pressuremeter, a small radius displacement 

applied by volumetric change of the pressuremeter is 

sufficient, but testing should be loaded up to the dis-

placement region where the stiffness of the soil con-

verges. This is because the results of the early stage of 

the loading might include the errors. If the stiffness of 

soils is sufficiently reduced and converges to a certain 

value, the degree of liquefaction can also be judged. 

Moreover, focusing on the shape of the cyclic load-

ing loop (for example in P3) the shapes of the early step 

 
Figure 15. Relationship between the equivalent stiffness ratio and the 

number of cyclic loads of all loading steps in P2 

 

 
Figure 16. Relationship between the equivalent stiffness ratio and the 

number of cyclic loads of all loading steps in P3 

 

 
Figure 17. Relationship between the equivalent stiffness ratio and the 

number of cyclic loads of all loading steps in P4 

 

 
Figure 18. Relationship between the equivalent stiffness ratio and the 

number of cyclic loads of all loading steps in P5 

 
Figure 19. Definition of secant stiffness in each cyclic loading 
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(Step 3) and the last step (Step 6) are clearly different as 

shown in Fig. 24. The loop in step 6 indicates the stiff-

ness recovery in the large displacement region. This be-

havior suggests that in-situ cyclic loading using a pres-

suremeter might catch the cyclic mobility of soils in the 

surrounding ground. This indicates one of the possibili-

ties to be used for making a judgement as to whether 

soils will fully liquefy or not under cyclic loading con-

ditions. 

As mentioned above, we recorded soil characteristics 

by in-situ cyclic loading using a pressuremeter with a 

focus on softening/hardening behavior. The results indi-

cate that this testing method is potentially useful for the 

judgement of liquefaction, or the confirmation of the ef-

fect of ground improvement, without soil sampling and 

laboratory testing. 

4. Conclusions 

In this paper, examples of in-situ cyclic loading be-

havior using a pressuremeter were shown in order to as-

sess the stiffness degradation in weak ground. The re-

sults and conclusions are as follows; 

• The cyclic shear behavior of soil was obtained by 

in-situ loading using the pressuremeter. This in-

formation enables the estimation the behavior of 

soil, such as softening/hardening, at the actual 

site. 

• In the results from the weak layers, the peak 

pressure gradually decreased as the number of 

loading cycles increased. This softening behavior 

is considered to be the result of the increase of 

excess pore water pressure during the cyclic 

loading. Especially in the last loading step, the 

stiffness of soils was almost lost; this suggests 

one of the possibilities of the assessment for oc-

currence of liquefaction.  

• On the other hand, in the stiff layer, the pressure 

hysteresis indicated that little decrease of the 

peak pressure occurred, even after the cyclic 

loading. This means that the hardening behavior 

of soil was recorded. 

• The trends of the results in the weak layers 

showed the equivalent stiffness ratios decreased 

with the progress of the loading steps and the 

number of cyclic loads, however the trends of the 

 
Figure 20. Relationship between the final stiffness in each loading 

step versus the radius displacement in P2 

 

 
Figure 21. Relationship between the final stiffness in each loading 

step versus the radius displacement in P3 

 
Figure 22. Relationship between the final stiffness in each loading step 

versus the radius displacement in P4 

 

 
Figure 23. Relationship between the final stiffness in each loading step 

versus the radius displacement in P5 

 
  (a) Loop of the step 3                  (b) Loop of the step 6 

Figure 24. Shapes of the cyclic loading loops in P3 

50

100

150

200

250

300

0.6 0.8 1.0 1.2 1.4 1.6

P
re

ss
u
re

 o
f 

m
em

b
ra

n
e 

(k
P

a)

Radius displacement (mm)

(3)

(*) : Step number

50

100

150

200

250

300

6.0 7.0 8.0 9.0 10.0 11.0 12.0

P
re

ss
u
re

 o
f 

m
em

b
ra

n
e 

(k
P

a)

Radius displacement (mm)

Stiffness 

recovery

(6)

(*) : Step number



 

 

early step of loading were relatively scattered 

compared to the other loading steps.  

• From the shape of the pressure path, the in-situ 

cyclic loading using a pressuremeter created cy-

clic mobility of soils in the surrounding ground. 

This shows an indicator to be used for making a 

judgement whether soils will fully liquefy or not 

under cyclic loading. 

However, the main issues still remaining to be solved 

are:  

• Validation for cyclic loading processes and pat-

terns  

• Evaluation of the relationship between the radius 

displacement of the pressuremeter and the actual 

strain on the soil 

• Laboratory testing corresponding to the in-situ 

tests, for validation and verification 

• Consideration of the necessity of the SBP type 

apparatus and the pore water pressure on the 

pressuremeter 
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