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ABSTRACT: This paper describes the general principles of the expander body with post-grouting (EBI) 

system, and how it is analogous to a large-scale pressuremeter device, where the results can be used to 

provide information about stress-strain characteristics of the soil adjacent to the device and to compute 

estimates of axial resistance. As the EBI expands during grouting, pressure is applied to the in-situ soil 

surrounding the device akin to a large-scale pressuremeter test, and the applied pressure and deformation 

(via the injected volume) provide a measurement of the in-situ stress-strain relationship of the soil. As part 

of the QC protocol, automated monitoring equipment (AME) consisting of a flowmeter, pressure gauges, 

and a data acquisition system facilitate the real-time evaluation of the recorded signals, where the data is 

visualized on continuously updated plots indicating the relationships of flow vs. time, pressure vs. time, 

and pressure vs. volume. The shape of the pressure vs. volume curve depends on the geotechnical conditions 

of the soil (e.g., in-situ stress state, strength, and stiffness). This technique has been used successfully in a 

wide range of ground conditions. This paper will also present the installation details and results from 

projects where the technique was used successfully to improve the strength and stiffness of the soil around 

the EBI. 
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INTRODUCTION 
 

The expander body (EB) was first developed in the 1980s in Sweden by Soilex, where the device was 

originally used with ground anchors to enhance the load carrying capacity of the small diameter element, 

even at relatively short(er) bond lengths. Later, the use of EBs was extended to underpinning of existing 

and old structures, driven/vibrated piling, and bored piling (Broms and Nord, 1985; Sellgren et al, 1989). 

The original shape of the EB consisted of a square steel tube with a thin-folded steel sheet, which was 

expanded in the ground using pressure injection of grout. The device, however, was not water/grout-tight 

but was effective in controlling settlements and in providing axial resistance to applied loading. During the 

late 1990s, the rights to the EB were transferred to Incotec S.A. in Bolivia, whereby the company enhanced 

the EB by changing the shape (square to round), by making the enclosure water/grout-tight, and by 

providing a means to post-grout below the base of the EB after the device was expanded, which is now 

referred to as the EBI system. This technique has been used successfully in a wide range of ground 

conditions and for a variety of applications, including for support of high-rise buildings, support of 

industrial and mechanical facilities, support of excavation, bridges, underpinning, and silos (Sellgren et al, 

1989; Terceros et al, 1995; Fellenius and Terceros, 2014; and Terceros and Massarsch, 2014). 

 

The EBI has been added to the lower portion of various smaller diameter bored piles (e.g., continuous flight 

auger (CFA), augercast-in-place (ACIP) piles, micropiles, drilled displacement (DD) piles) and ground 

anchors to increase the axial resistance of the pile or ground anchor via enhancement of the side and end 

resistance. As the pre-expansion cross-section is relatively small and lightweight, conventional equipment 

used to install CFA/ACIP piles, micropiles, DD piles, ground anchors, etc. can be used to create the 

borehole and to install an EBI-furnished pile/anchor, which has been shown to provide the required 

resistance within a shorter element. The methodology used to estimate the side and end resistance is based 

on theory similar to that developed for the pressuremeter. This paper will describe how the EBI is akin to a 



Pre-Print – DFI 2020 Annual Conference 

National Harbor, MD 

 

2 

large-scale pressuremeter and how the installation/injection process along with real-time quality control 

monitoring can result in greater reliability in the axial resistance of a piling element/ground anchor. 

 

GENERAL PRINCIPLES - EBI SYSTEM 
 

An EBI comprises essentially three integrated components: a folded steel tube (“shell”) with a circular cross 

section, a central reinforcement section, and primary and secondary grout delivery mechanisms. Primary 

grouting is performed to expand the shell while the secondary is to perform post-grouting below the pile 

toe. As grout is injected under pressure, the folded steel section contains the grout and expands outward 

into the surrounding soil, resulting in compaction or densification of the in-situ soils. The relative expansion 

and resulting response (i.e., shape of the grout volume vs. injection pressure) is a function of the model 

used and the geotechnical conditions of the in-situ soil (e.g., in-situ stress state, strength, and stiffness). 

 

The general sequence for constructing an EBI-furnished pile or ground anchor begins with the drilling and 

installation of the overall elements (e.g., reinforcement steel/sections, EBI attachment, instrumentation, and 

grout/concrete). As it is not constrained neither by the strength of the grout/concrete placed for the 

pile/anchor nor the device, the grout injection into the EBI can be performed at any time. That is, the 

grouting can be performed before the grout/concrete for the pile/anchor has hardened or after the 

grout/concrete has achieved the desired compressive strength since the layer of grout/concrete surrounding 

the EBI is thin and is easily fractured as tension stresses are induced in the grout/concrete. The effects of 

the timing of grout injection have been evaluated on multiple projects by grouting different EBIs at variable 

times from when the piles were constructed, where one grout injection occurred as late as four months after 

installation without any detriment to the grouting process (i.e., grout volume vs. injection pressure) or load 

carrying characteristics of the pile (Incotec, 2020). 

 

During grout injection, the steel shell undergoes two responses: an expansion outward into the surrounding 

soils and a reduction in the effective length (i.e., shortening) of the EBI (Figure 1; Table 1). The diameter 

of the EBI prior to injection is about 4.7 in (120 mm) and, depending on the model type and geotechnical 

conditions of the in-situ soils, can expand to a diameter ranging from 15.7 to 31.5 in (400 to 800 mm), 

which results in a densification or compaction of the surrounding soils and equates to an increase in 

diameter ranging from 300% to 700%. The incorporation of post-grouting below the pile toe is intended to 

enhance the behavior and performance of the system, and it has addressed a concern of the potential soil 

decompression below the pile toe due to the shortening of the element. The tip post-grouting process results 

in an increase in soil stiffness and provides an explicit means to ensure intimate contact between the bottom 

of the pile toe and the surrounding in-situ soil. 

 

   
(a) Before 
expansion 

(b) During the various 
stages of expansion 

(c) Fully expanded; 
final shape 

Figure 1. Representation of the different stages of expansion (model EBI612 shown) 
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Table 1. Details of three representative EBI models 

EBI 
Type 

Pre-expansion Post-expansion (fully expanded) 

Diameter, 
𝑫𝑬𝑩 

Length, 
𝑳𝑬𝑩 

Diameter, 
𝑫𝑬𝑩 

Length, 
𝑳𝑬𝑩 

Area at Toe, 
𝑨𝑬𝑩,𝒃 

Side Surface 
Area, 𝑨𝑬𝑩,𝒔 

Volume, 
𝑽𝑬𝑩 

(mm) [in] (m) [ft] (mm) [in] (m) [ft] (sq m) [sq ft] (sq m) [sq ft] (liter) [cu ft] 

EBI412 120 [4.7] 1.2 [3.9] 400 [15.7] 0.92 [3.0] 0.13 [1.4] 1.16 [12.4] 110 [3.9] 
EBI612 125 [4.9] 1.2 [3.9] 600 [23.6] 0.90 [3.0] 0.28 [3.0] 1.70 [18.3] 220 [7.8] 
EBI815 145 [5.7] 1.5 [4.9] 800 [31.5] 1.05 [3.4] 0.50 [5.4] 2.64 [28.4] 450 [15.9] 

 

The effects of the expansion results in not only a compaction of the soil but also an increase in resistance 

at the soil-EBI interface as well as an increase in the stiffness of the soil up to a distance of 3 to 4 diameters 

from the center of the EBI. The increase in stiffness is directly correlated to the initial stiffness and stress 

state of the soil and to the final expanded diameter of the EBI.  

 

Based on the volume of grout injected, 

the effective diameter of the EBI can be 

determined using the appropriate 

calibration curve for the particular 

model used (Figure 2). That is, 

assuming axial symmetry applies to the 

EBI when embedded in the soil, the 

effective diameter when expanded can 

be deduced based on the volume of 

grout injected. During the design phase, 

the axial resistance contributed by the 

EBI is based on the base and side 

surface areas assuming the EBI is fully 

expanded. However, the as-constructed 

axial resistance is computed using the 

effective base and side surface areas 

based on the measurements of grout volume during the injection process and the model’s calibration curve. 

 

GENERAL PRINCIPLES - PRESSUREMETER TESTING (PMT) 
 

Baguelin et al. (1978) report that, in 1930, Kögler was the first to attempt to measure in-situ soil properties 

by inserting and inflating a balloon device within a borehole. The basis of the current versions of the PMT 

was pioneered by Menard during the late 1950s and into the 1960s. A PMT is performed by inflating 

radially a cylindrical probe with an internal rubber membrane against the surrounding soil, whereby the 

measured volume vs. pressure response (i.e., stress-strain behavior) is used to deduce engineering design 

parameters of the in-situ soil. Although there are multiple types of installation and probe types for PMT 

(i.e., pre bored, pushed-in, and self-bored), only the pre-bored PMT will be discussed hereinafter. The load-

deformation response and soil characteristics can be deduced from the continuous monitoring of the grout 

pressure and change in the volume injected. The shape of the pressure vs. volume curve can be essentially 

divided into three phases: (1) initial phase (i.e., recompression of disturbed soil), (2) elastic phase (i.e., 

compression of the in-situ soil), and (3) plastic phase (i.e., large deformations of the soil). 

 

For the prebored PMT, the probe into a predrilled borehole, which requires that the soil has been disturbed 

and somewhat unloaded (i.e., stress relief) prior to performing the testing; therefore, care must be exercised 

to ensure minimal disturbance to the soil as possible. Per ASTM D4719 (ASTM, 2020), the diameter of the 

borehole (𝑑𝑏) should be between 1.03 to 1.20 times the diameter of the probe (𝑑𝑃𝑀𝑇). Typically, the probe 

 
Figure 2. Calibration curve (volume vs. diameter) of an EBI612 
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is inflated under increments of equal pressure until a limit pressure (𝑝𝑙𝑖𝑚) is achieved, as observed when 

the curve on the pressure vs. volume relationship becomes asymptotic, or when yielding in the soil becomes 

disproportionately large, as observed with large volumes under constant or reduced pressure (Sabatini et al, 

2002). Based on the work of Briaud (1992), guidelines for estimating the limit pressure for cohesionless 

and cohesive soils are provided in Table 2 (from Clarke, 1995). 

 
Table 2. Guidelines for estimating the limit pressure based on soil type (mod. after Clarke, 1995) 

Soil 
Type 

Description 
𝑵𝟔𝟎-value 
(blow / ft) 

Undrained Shear Strength, 
𝑺𝒖 (kPa) [psf] 

Limit Pressure 
𝒑𝒍 (kPa) [psi] 

Sand 

Loose 0 – 10  0 – 500 [0 – 73] 

Medium-dense 10 – 30  500 – 1500 [73 - 217] 

Dense 30 – 50  1500 – 2500 [217 – 363] 

Very dense > 50  > 2500 [363] 

Clay 

Soft  0 – 25 [0 - 522] 0 – 200 [0 – 29] 

Firm  25 – 50 [522 - 1044] 200 – 400 [29 – 58] 

Stiff  50 – 100 [1044 - 2090] 400 – 800 [58 – 116] 

Very stiff  100 – 200 [2090 - 4180] 800 – 1600 [116 – 232] 

Hard  > 200 [4180] >1600  [232] 

 

Using the measurements of injection pressure and the resulting volume of fluid injected, a curve of the 

pressure vs. volume is developed and used to deduce soil properties (Figure 3). For example, the most 

common parameter deduced from the results of the PMT is the pressuremeter modulus, 𝐸𝑃𝑀𝑇 (Eq 1), which 

has used in geotechnical deformational analyses. Since the soil is disturbed during the installation of the 

probe, an unload-reload cycle(s) is performed at pressures between 𝑝0 and 𝑝𝑓 during a PMT to evaluate the 

elastic behavior of the soil. Other design parameters and correlations for the determination of soil properties 

can be found in the published technical literature (e.g., Baguelin et al, 1978; Briaud, 1992; Clarke, 1995; 

Robertson and Mayne, 1998; Sabatini et al, 2002; and Briaud, 2013). 

 

 

𝐸𝑃𝑀𝑇 = 2(1 + 𝜐)(𝑉0 + 𝑉𝑚)
Δ𝑃

Δ𝑉
 (1) 

where (from Sabatini et al, 2002): 

𝜐 Poisson ratio = 0.33 (typ.) 

𝑉0 initial volume of the probe 

𝑉𝑚 average volume of probe over stress range of 

consideration (0.5*(𝑉𝑝𝑓 − 𝑉𝑝0) 

Δ𝑃
Δ𝑉⁄  slope of linear portion of stress versus probe 

volume curve (between 𝑝𝑓 and 𝑝0) 

𝑝0 pressure at which recompression of the 

disturbed soil is complete and expansion 

into undisturbed soil is started. 

𝑝𝑓 inflection point known as creep or yield 

pressure where soil changes from pseudo 

elastic to plastic (shear is initiated) 

𝑝𝑙𝑖𝑚 pressure at which pressure versus volume 

curve becomes asymptotic; typ. taken as 

extrapolated pressure when 𝑉 = 2𝑉0 Figure 3. Graphical depiction of a pressure vs 
volume curve from PMT (after Olson, 2008) 

II III I 
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LARGE-SCALE PRESSUREMETER 
 

Although the findings, test results, and 

observations from a site characterization 

program provide valuable insight and 

needed engineering design parameters, the 

data do not accurately correlate to post-

construction conditions nor do they provide 

accurate predictions of performance under 

service loading conditions. Much effort and 

diligence are typically expended to 

minimize disturbance when obtaining soil 

samples for subsequent testing or when 

performing in-situ tests to make 

correlations to obtain design parameters. 

However, the instant equipment is 

mobilized into place and commences the 

production work, the idealized conditions, 

at best, assumed for design are no longer 

valid. Therefore, it is imperative to 

correlate the results of in-situ testing with 

those obtained from full-scale installation 

techniques to optimize the design, reduce 

uncertainty, and to increase the reliability in 

the long-term performance of an installed 

element. However, caution must be applied 

when using full-scale installation records 

and extrapolating the use of methods not 

directly calibrated/validated for that 

specific use (e.g., for specific constraints, 

limitations, effects of boundary conditions, 

edge effects, and assumptions). 

Nonetheless, the following paragraphs 

describes how an installed EBI is analogous 

to a PMT, and how the information 

garnered from the full-scale installation can 

yield valuable insight into the anticipated 

response, resistance, and performance of an 

installed element and, therefore, the entire 

foundation system. 

 

The pressure required to begin the 

expansion of the EBI outward (after the net 

volume has been injected) is equal to the 

horizontal stress acting on the EBI from the 

surrounding in-situ soil, similar to point 

(0,0) on Figure 3. At this instance, the 

major principal stress is still acting 

vertically downward (from the overburden 

and any surcharge) and the minor principal 

stress is equal to the at-rest horizontal 

 
Figure 4. Representative volume vs. injection pressure 

curve for an EBI installed with a non-displacement bored 
pile in loose sandy soil 

 
Figure 5. Representative volume vs. injection pressure 

curve for an EBI installed with a non-displacement bored 
pile in medium dense sandy soil 

 
Figure 6. Representative volume vs. injection pressure 

curve for an EBI installed with a full-displacement bored pile 
in medium dense sandy soil 
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pressure; however, during the construction of drilled full-

displacement piles, the installation technique may induce 

horizontal stresses in the ground that may approach the 

passive conditions locally. During the initial phase of 

grouting, the disturbed soil around the device is 

recompressed, as shown within zone I in Figure 3. As 

additional grout is injected, the device continues to expand 

and compresses the in-situ soil, as shown in zone II. With 

continued injection and expansion, the yield pressure is 

achieved whereby large deformations of the soil have 

occurred, as shown in zone III. By the end of the injection 

as a result of the expansion process, within the length of 

the EBI, the major principal stress is now oriented 

horizontally (i.e., the stress is greater than the at-rest 

pressure) and the minor principal stress is vertically 

downward.  

 

Based on experience garnered from multiple installation 

projects where this system has been implemented, general 

trends has been realized in the injected volume vs. measured pressure relationship depending on the 

installation method and original ground conditions. That is, the slope of the response curve is correlated to 

the type of installation method (i.e., non-displacement vs. displacement piling) and the density/consistency 

of the in-situ soil (i.e., looser/softer vs. denser/stiffer). The shape and slope of the curve (similar to that in 

the PMT between 𝑝0 and 𝑝𝑓) is typically more gradual or flatter for looser soils and for non-displacement 

piles than it is for denser soils or for piles installed using displacement techniques (Figures 4 to 7). As the 

more volume of grout is injected, there is a corresponding increase in measured pressure as the soil 

undergoes plastic deformation during the compaction of the soil. For looser soil conditions, the slope of the 

volume-pressure curve is typically more gradual for a majority of the grouting operation; however, at some 

point, strain hardening is typically quite noticeable as the soils are compacted yet a peak strength may not 

be achieved due to the practical physical limitations of the device. For denser soil conditions and for drilled 

displacement piles, the peak strength able to be mobilized is typically achieved much sooner (at lower 

volume of grout injected) than it is for similar ground conditions where non-displacement piles were 

installed. In addition, when the injection of grout has continued after peak strength has been achieved, strain 

softening (i.e., reduction in strength) has been observed in denser soils irrespective of piling type installed 

and when an EBI is installed in drilled displacement piles. 

 

Evident in the responses delineated in Figures 4 to 6 is a behavior similar to that observed from a PMT 

(Figure 3). In essence, the injection of an EBI is a large-scale stress-controlled PMT. As such, inferences 

about the axial resistance, measurement of in-situ soil stress-strain relationship, and performance of these 

piling elements can be deduced. For comparison purposes, Equation (1) was used to estimate the EBI-

modulus (𝐸𝑝,𝐸𝐵𝐼) for the three relationships shown in Figures 4 to 6, assuming a Poisson ratio of 0.33. 

Understandably yet in qualitative terms, the value of 𝐸𝑝,𝐸𝐵𝐼 was considerably higher for the denser soil 

conditions and for the displacement piling, where 𝐸𝑝,𝐸𝐵𝐼 was equal to about 18,800 psf (0.9 MPa), 190,400 

psf (9.1 MPa), and 1,511,000 psf (72.3 MPa) for the non-displacement bored pile in loose sandy soil, non-

displacement bored pile in medium dense sandy soil, and full-displacement bored pile in medium dense 

sandy soil, respectively. 

 

As discussed in the following section, the results from the injection operation can also be used to estimate 

the axial resistance of the installed EBI-piling. Specifically, the limit pressure achieved with an EBI 

(𝑝𝑙𝑖𝑚,𝐸𝐵𝐼) and an empirical bearing capacity factor (𝑘) are used in the calculation of the side and base 

 
Figure 7. Idealized stress-strain behavior for 

different installation techniques in different 

ground conditions 
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resistances. When full-scale axial load tests are performed, the value of 𝑘 can be calibrated based on the 

results of the testing and for the specific site conditions. When a maximum injection pressure has been 

achieved (followed by a decrease in pressure with continued grouting), that maximum pressure can be 

assumed to equal 𝑝𝑙𝑖𝑚,𝐸𝐵𝐼 for that installation; otherwise, a value for 𝑝𝑙𝑖𝑚,𝐸𝐵𝐼 can be assumed based on 

experience, extrapolated behavior, or from recommendations from the published literature (e.g., Clarke, 

1995). Furthermore, it is important to note that the limit pressure determined/observed when performing a 

PMT (𝑝𝑙𝑖𝑚,𝑃𝑀𝑇) will not be equal to the limit pressure that can be realized when performing a grout injection 

into an EBI (𝑝𝑙𝑖𝑚,𝐸𝐵𝐼), and, on some projects, the value of 𝑝𝑙𝑖𝑚,𝐸𝐵𝐼 has been observed to more than twice 

that of 𝑝𝑙𝑖𝑚,𝑃𝑀𝑇. As an example, Fellenius et al (2019) reported on the site characterization for and static 

load testing of a single pile and of a group of 13 piles in a loose-to-compact silty sand at the Bolivian 

Experimental Site for Testing Piles (BEST). When comparing the results from the PMT with those from 

the injection of the EBI (Terceros, 2020), it was determined that 𝑝𝑙𝑖𝑚,𝐸𝐵𝐼 (about 360 psi or 2.5 MPa) was 

220% to 280% greater than 𝑝𝑙𝑖𝑚,𝑃𝑀𝑇 (130 psi to 160 psi or 0.9 to 1.1 MPa). 

 

DESIGN METHODOLOGY FOR AXIAL RESISTANCE 
 

An EBI has been utilized in conjunction with different small diameter cast-in-place bored piling elements 

(e.g., ACIP/CFA piles, drilled displacement piles, and micropiles), as shown in Figure 7, and with post-

tensioned ground anchors. For the purposes of this paper, only the considerations for piling design will be 

presented and discussed. When an EBI is used in conjunction with the piling element, the design is 

essentially separated into two components: (1) estimation of the side and lateral resistance provided by the 

piling element above the EBI and (2) estimation of the side and end resistance provided by the EBI itself. 

The estimation of the side and lateral resistance provided by the piling element is dependent upon the type 

of piling element (e.g., Brown et al, 2008; NeSmith, 2002; and Sabatini et al, 2005) and the in-situ or 

laboratory testing methods used to estimate the engineering design parameters (e.g., Sabatini et al, 2002). 

 

For the EBI, the total axial resistance in compression is estimated using the Allowable Stress Design (ASD) 

platform, as shown in Equation (1). The pre-installation estimate of axial resistance for the EBI is performed 

using empirical correlations with the engineering parameters obtained during the site characterization 

program (e.g., SPT 𝑁60-values, CPT 𝑞𝑡 and 𝑓𝑠, PMT 𝑝𝑙𝑖𝑚,𝑃𝑀𝑇). After the EBI has been expanded, the 

measured volume of grout injected, and the injection pressures are used to provide a post-installation 

estimation of the axial resistance of the EBI. 

 

𝑄𝑡,𝐸𝐵𝐼,𝑖 =
𝑄𝑒,𝐸𝐵𝐼,𝑖
𝐹𝑆𝑒

+
𝑄𝑠,𝐸𝐵𝐼,𝑖
𝐹𝑆𝑠

 (1) 

where 

𝑄𝑡,𝐸𝐵𝐼,𝑖 Total axial resistance provided by the EBI (design or post-expansion) 

𝑄𝑒,𝐸𝐵𝐼 Axial end resistance provided by the EBI (unfactored) 

𝑄𝑠,𝐸𝐵𝐼 Axial side resistance provided by the EBI (unfactored)  

𝐹𝑆𝑒 Factor of Safety for end resistance (e.g., 3.0) 

𝐹𝑆𝑠 Factor of Safety side end resistance (e.g., 2.5) 

 

Pre-expansion (“design”)   For the purposes of this paper, the design method presented below is based 

on the measurements obtained using the pressuremeter test (PMT). The end resistance of the EBI (𝑄𝑒,𝐸𝐵𝐼) 
is calculated using Equation (2), which is based on cavity expansion theory as described in the 

recommendations in LCPC-SETRA (1985). The value of 𝑝𝑙𝑖𝑚 used in Equation (2) for the pre-injection 

design phase utilizes the value of 𝑝𝑙𝑖𝑚 that was obtained using the PMT (𝑝𝑙𝑖𝑚,𝑃𝑀𝑇), as shown in Equation 

(3). For this estimate, it is assumed that the EBI will become fully expanded during the injection process, 

and the value of base area (𝐴𝑒,𝐸𝐵𝐼) provided by the manufacturer for a particular size of EBI is used in the 
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computation. Alternatively, correlations between SPT 𝑁60 or CPT 𝑞𝑡 values can be used to estimate 𝑝𝑙𝑖𝑚,𝑑, 

as shown in Equations (4a and 4b) for SPT 𝑁60-values based on local experience in Bolivia and Peru. 

 

𝑄𝑒,𝐸𝐵𝐼,𝑑 = {𝑘[𝑝𝑙𝑖𝑚,𝑑 − 𝜎ℎ] + 𝜎𝑣}𝐴𝑒,𝐸𝐵𝐼,𝑑 (2) 

𝑝𝑙𝑖𝑚,𝑑 = 2 ∙ 𝑝𝑙𝑖𝑚,𝑃𝑀𝑇 (3) 

where 

𝑘 Empirical bearing capacity factor (Clarke, 1995), Table 3 

𝑝𝑙𝑖𝑚,𝑑 Limit pressure based on in-situ measurements 

𝜎ℎ Total horizontal stress acting at the base of the EBI 

𝜎𝑣 Total vertical stress acting at the base of the EBI 

𝐴𝑒,𝐸𝐵𝐼,𝑑 Area of the base of the (assumed) fully expanded EBI 

𝑝𝑙𝑖𝑚,𝑃𝑀𝑇 Limit pressure obtained using the PMT 

 

Table 3. Bearing capacity factor, 𝑘, for axially loaded piles (mod. after Clarke, 1995) 

Ground 
Type 

𝒑𝒍𝒊𝒎,𝑷𝑴𝑻 

(kPa) [psi] 

Small Displacement 
Piles & Bored Piles 

Full 
Displ. Piles 

Clay 
Silt 

0 – 1200 [0 - 175] 
0 – 700 [0 – 102] 

1.2 1.8 

Firm clay or marl 
Compact silt 

Compressible sand 
Soft or weathered rock 

1800 – 4000 [260 - 580] 
1200 – 3000 [174 - 435] 

400 – 800 [60 – 115] 
1000 – 3000 [145 - 435] 

1.1 3.2 – 4.2 (2) 

Sand and gravel 
Rock 

1000 – 2000 [145 - 290] 
4000 – 10000 [580 - 1450] 

1.8 2.6 

Very compact sand & gravel 3000 – 6000 [435 - 870] 1.1 – 1.8 (1) 1.8 – 3.2 (2) 

Notes: (1) – Limited information available;(2) – 3.2 for dense sand; 4.2 for loose sand or gravel 

 

𝑝𝑙𝑖𝑚,𝑑 = 0.08 ∙ 𝑁60     (in MPa) for 𝑁60 ≤ 20 (4a) 

𝑝𝑙𝑖𝑚,𝑑 = 0.10 ∙ 𝑁60     (in MPa) for 𝑁60 > 20 (4b) 

 

The side resistance of the EBI (𝑄𝑠,𝐸𝐵𝐼) is calculated using Equation (5), which is a function of the surface 

area of the expanded EBI, the limit pressure, and the frictional angle between the in-situ soil and the EBI ( 
𝛿). Although empirical values are available in codes and guidance documents, the value of 𝛿 is typically 

and conservatively set as 10 degrees, as it is the lowest reported friction angle between steel and soil, 

irrespective of soil type (Al-Mhaidib, 2005). Similar to the estimate for end resistance, it is assumed that 

the EBI will become fully expanded during the injection process, and the value of side surface area of the 

EBI (𝐴𝑒,𝐸𝐵𝐼) provided by the manufacturer for a particular size of EBI is used in the computation. 

𝑄𝑠,𝐸𝐵𝐼,𝑑 = 𝑝𝑙𝑖𝑚,𝑑𝐴𝑠,𝐸𝐵𝐼,𝑑𝑡𝑎𝑛𝛿 (5) 

where 

𝑝𝑙𝑖𝑚,𝑑 Limit pressure based on in-situ measurements 

𝐴𝑠,𝐸𝐵𝐼,𝑑 Side surface area of the (assumed) fully expanded EBI 

𝛿 Friction angle between dissimilar materials = 10 degrees 

 

Post-expansion (“as-constructed”)   Following the grout injection and expansion of the EBI, the as-

constructed axial resistance of the EBI can be calculated using the real limit pressure, 𝑝𝑙𝑖𝑚,𝐸𝐵𝐼, that was 

measured during the injection process. Similarly, the base and side surface areas (𝐴𝑒,𝐸𝐵𝐼,𝑓 and 𝐴𝑠,𝐸𝐵𝐼,𝑓) used 

to evaluate the capacity after expansion are the real areas defined by the actual measured injected volume 
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of grout. That is, a calibration curve for each EBI model type was established based on measurements of 

the incremental expansion of an EBI out of the ground (Figure 2), and that curve is then used to define the 

in-ground 𝐴𝑒,𝐸𝐵𝐼,𝑓 and 𝐴𝑠,𝐸𝐵𝐼,𝑓 based on the amount of grout injection for a particular EBI. 

 

Based on the measurements and graphical representation of the injected volume versus injection pressure 

relationship, the real limit pressure (𝑝𝑙𝑖𝑚,𝐸𝐵𝐼) can be defined. As shown in Equation (6), the computation 

for determining the end resistance of the EBI (𝑄𝑒,𝐸𝐵𝐼,𝑓) simplifies and is a function of the empirical bearing 

capacity factor, 𝑘, the measured limit pressure, 𝑝𝑙𝑖𝑚,𝐸𝐵𝐼, and the as-injected base area, 𝐴𝑒,𝐸𝐵𝐼,𝑓. The side 

resistance of the EBI (𝑄𝑠,𝐸𝐵𝐼,𝑓) is computed using the measured 𝑝𝑙𝑖𝑚,𝐸𝐵𝐼 and the as-injected side surface 

area, 𝐴𝑠,𝐸𝐵𝐼,𝑓, as shown in Equation (7). 

 

𝑄𝑒,𝐸𝐵𝐼,𝑓 = 𝑘𝑝𝑙𝑖𝑚,𝐸𝐵𝐼𝐴𝑒,𝐸𝐵𝐼,𝑓 (6) 

𝑄𝑠,𝐸𝐵𝐼,𝑓 = 𝑝𝑙𝑖𝑚,𝐸𝐵𝐼𝐴𝑠,𝐸𝐵𝐼,𝑓𝑡𝑎𝑛𝛿 (7) 

 

From the measurements performed during the expansion, an estimation of the as-constructed soil properties 

can be inferred using the relationships developed for PMT but applied to the  EBI (large-scale 

pressuremeter). 

 

QUALITY CONTROL/ASSURANCE MONITORING 
 

Automated monitoring equipment (AME) is typically used to monitor and record the injection pressure and 

the incremental and total volume/flow of grout supplied. The data recorded by the AME is stored in 

electronic format and available for real-time viewing during the grouting operation using a laptop computer. 

Specially customized software was developed to facilitate the real-time viewing as well as for the post-

installation processing and report preparation. The different AME used during installation includes (a) a 

magnetic flow meter installed in the grout line a short distance away from the top of the pile and (b) an 

electronic pressure sensor mounted onto the injection pipe a short distance from the top of the pile.  

 
Throughout the grouting operation, the measured data is visualized on a laptop computer where 

continuously updated graphs indicating the relationships of grout flow vs. time, injection pressure vs. time, 

and injection pressure vs. volume are displayed. From the relationships, the stress-strain response (vis-à-

vis the pressure vs. volume curve) is observed, whereby the horizontal pressure (or stress) and in-situ 

strength/stiffness at the pile toe can be deduced. Estimates of the axial resistance can be performed relatively 

easily, which can be used to confirm the adequacy of the design or facilitate modifications to the design 

(e.g., increase in pile length) using the recorded measurements without waiting for a full-scale load test to 

be performed. In essence, the greater the pressure that is applied during grouting, the greater the axial 

resistance of the completed element. 

  

At times, unfortunately, issues pertaining to the device itself manifest themselves in terms of leaks, which 

are readily observed graphically during the grouting operation directly from the pressure vs. volume curve, 

as shown in Figure 8. Leaks in the system can be either temporary (i.e., leak seals up, and pressure is 

recovered) or permanent (i.e., leak continues, and pressure is not recovered). If the pressure recovers to a 

level similar to that prior to the development of the leak, then the effect to the diameter of the element 

(𝑑𝐸𝐵𝐼) is inconsequential. However, if the leak is permanent and the pressure is not able to recover to the 

level prior to the leak, then the computations for determining the end and side resistances of the EBI 

(Equations 6 and 7, respectively) are performed using the values of volume and pressure that were measured 

just prior to the initiation of the leak. 



Pre-Print – DFI 2020 Annual Conference 

National Harbor, MD 

 

10 

CONCLUSIONS 
 

The EBI device and technology is similar 

to pressuremeter testing and is based on 

essentially the same basic principles (i.e., 

the expansion of a spherical cavity in soil) 

but the EBI is just larger in scale and 

affects a greater volume of soil during 

inflation. The injection pressure and 

injected volume measured during the 

inflation process not only reflects the 

actual horizontal stress conditions but also 

facilitates the inference and deduction of 

other geotechnical parameters (e.g., in-situ 

stress state, soil strength, and soil 

stiffness). In addition to improving the soil 

surrounding the device as well as 

increasing the capacity and stiffness of the 

piling system, the EBI also serves as a 

geotechnical investigation device for each 

of the piles onto which it is incorporated 

and provides direct monitoring and quality 

control/assurance, thereby increasing 

reliability and reducing the risk and 

uncertainty of performance. 
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