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SUMMARY: The grouted, helical pier system (GHPS) is proposed as an exam-
ple of a capacity improvement option for existing pile foundation groups. This 
paper explores the relative relationships between these geotechnical elements 
through the implementation of small-scale ground modification techniques 
causing increases in the axial capacity of the foundation, as measured as a 
function of load-based deflection. This initial set of tests indicates clear 
improvement of both piled and non-piled foundations through a variety of 
intervention methods both in terms of overall capacity and with respect to 
generating that capacity with smaller mobilization levels.  The testing program 
also showed the likelihood for using some form of superposition as viable design 
methodology for predicting the performance of existing cast-in-place founda-
tions that have been upgraded with ground- reinforcement and 
ground-improvement techniques.  
Keywords: Pile reuse, deep foundations, rehabilitation, helical piers, grouting, 
scaled laboratory experiments, design methodologies, screw piles.  

 
 

INTRODUCTION 

Two main challenges to reusing existing foundations are physical assessment and capa-
city enhancement. In-situ, physical assessment is necessary to determine existing pile 
capacity and has been extensively addressed in the literature.1–3 Capacity enhancement 
techniques are also well established by considering ground improvement and/or ground 
reinforcement (GIGR) technologies. While GIGR technologies offer tremendous poten-
tial towards the reuse of existing foundations, the absence of widely adopted design 
procedures for these innovations hampers the design community from further contrib-
uting to economical and verifiable installation approaches. Design standardization of 
GIGR technologies has been hindered by many of technologies being ‘contrac-
tor-driven’, patented, and proprietary, and is further complicated by the growing trend 
to use many of these techniques in conjunction with each other, thus increasing the 
complexity of performance prediction. When existing geotechnical installations (e.g. 
foundations and retaining walls) are also included, and these features possess unknown 
loading capacity, the scenario approaches a near impossibility for sufficiently conserva-
tive designs at a reasonable cost. Therefore, a design approach is needed to accurately 
and reliably predict the performance of GIGR technologies, when integrated with ex-
isting geotechnical installations. 
 To begin to establish a more fundamental understanding, a load-transfer mechanism 
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approach is considered – as opposed to the specifics of a single technique. To achieve this, 
small-scale laboratory tests were conducted to examine the various contributing compo-
nents of a grouted system with an embedded rigid element. Both individual components 
and those acting in concert with an existing cast-in-place foundation system were tested.  
 
 

BACKGROUND 
 

A generalization of major design methodologies can be summarized as the following: 
basic superposition, superposition with influence factors, non-linear superposition, 
combined effect, and chain theory (Fig. 1). 
 

 
 

Fig. 1. Common design approaches 
 

Basic superposition 
Basic superposition is when the summation of the performance of each component 
equals the total performance of all elements working in consort. Basic superposition is 
often used both in calculating pile capacity (i.e. the shaft resistance is combined with 
the end bearing capacity to provide the total available load resistance) and when evalu-
ating the total settlement generated by two separate applied loads (if a load P causes a 
settlement x, and a load Q causes a settlement y, then the total load P + Q causes a set-
tlement of x + y), as illustrated in Fig. 2. 
 

        
  Fig. 2. Examples of superposition 
Modified superposition 
Modified superposition incorporates influence factors that alter the contribution of spe-
cific components. These influence factors can increase or decrease the component’s con-
tribution and can, under certain circumstances, entirely eliminate the component’s 
effect. The concept is illustrated in determination of the total capacity of a piled footing 
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(eqn 1).4 

 
where Qt = the total capacity of a piled footing, Qp = the capacity of the piles, Qc = the 
capacity of the pile cap, and α and β = influence factors that alter the capacity of the 
piles and cap contribution. The total capacity is still found through superposition; how-
ever, the contributing components are altered by influence factors. 
 
Non-linear superposition 
A variation of modified superposition is non-linear superposition, which is used when 
determining pile group settlement. Standard design practice indicates that while the 
number of piles does necessarily affect the total settlement, pile spacing and pile di-
ameter strongly influence response, making the contribution of an additional pile 
non-linear.5 As an example, the settlement calculations for a pile group (pG) with four 
symmetrically arranged piles of equal diameter can be performed using equation 2 

 
 

where P1 is load in each pile, p1 is the displacement of a single pile under unit load, and 
α1 and α2 are interaction factors for spacing. These interaction factors relate a ratio of 
pile spacing and diameter to a pile stiffness factor.5 If another pile is added, the equa-
tion becomes more complex, as the original interaction factors change, and more inter-
action factors are needed, to account for the new pile’s interaction with the existing 
piles.5 While the interaction factors are superimposed, they do not change linearly and, 
thus, a non-linear superposition exists.  
 
Chain theory 
An important alternative to superposition is the chain theory, where the weakest com-
ponent in the system controls the design; the capacity at which the first component fails 
controls the capacity of the entire system. For example, a ground anchor takes the 
capacity of each component of the system into consideration: the steel, grout, 
steel/grout interface, and the soil/grout interface. The anchor’s capacity is not a sum of 
the strengths of each component, but the load at which the first of these components 
fails.6 
 
Combined effect 
Combined effect is a design method in which the total strength may be a value some-
where between the capacity of the weakest and strongest components. For example, in 
masonry design, the strength of the mortar is substantially less than that of the brick, 
however, the final masonry strength is considered to be an intermediate value between 
the two. To calculate this intermediate strength, a brick assemblage is tested, and equa-
tion 3 is used to predict strength: 

 
where f’p = the composite strength, f’cb = the compressive strength of a masonry unit,  
f’tb = the tensile strength of a masonry unit, f’j = the mortar strength, Uu = the non-uni-
formity factor, and α = j/(4.1*h), where j = mortar thickness, h = masonry unit 
thickness. The resulting composite strength is a value between the compressive strength 

eqn 3 

eqn 1 

eqn 2 
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of the masonry unit and that of the mortar (Fig. 3).7 
 

 
Fig. 3. Comparison of brickwork, brick, and mortar strengths 

 
Without thorough exploration, the applicability of any of these methods for the de-

sign of composite GIGR installations remains unknown. The following laboratory study 
was conducted specifically to begin to investigate this topic. 
 
 

EXPERIMENTAL PROGRAM 
 
Screw piles (both grouted and ungrouted) are regularly used for capacity enhancement 
of existing foundations and can be installed with equipment that makes them attractive 
in confined spaces. Thus, they were a reasonable technology for this one-gravity, labo-
ratory investigation; some critical testing details were replicated in preparation for a 
centrifuge experiment (see companion paper by Bian and associates). Parameter and 
design selection were a function of extensive industry consultation.8 Although the 
grouted screw piles installed in this testing program represent a single GIGR alternative, 
it is a hybrid of several competing grouted products in the American market, which is in 
excess of half a million meters per year, with the majority being installed around build-
ing perimeters of existing foundations to limit settlement or upgrade capacity.9  
 Screw piles are also known as helical piers, helical piles, helical anchors and 
pull-down piers, depending upon the installation and application details. Grouted ver-
sions include a hollow pipe with one or more splayed helices and grout holes positioned 
at least at one point along the length of the shaft, usually in the vicinity of the bottom 
most helix. The grout may be installed via gravity grouting or under pressure. The 
grouting occurs as the pile is screwed into the ground.  
Test arrangements are only briefly summarized here, as full documentation is available 
elsewhere.8,10 Tests were conducted at ⅛th scale to permit multiple sample testing, 
without incurring boundary condition problems.8 The prototype pile foundation was de-
signed based on ADSC standards and specifications.11 The foundation to be modeled 
consisted of 4, 18” (0.46 m) diameter, 12’ (3.66 m) long, cast-in-place piles in a 2 x 2 
configuration with a center-to-center spacing of 54” (1.37 m). The pile cap was 7.5” 
(0.19 m) x 7.5” (0.19 m) x 2’ (0.61 m) deep. A 10” (0.25 m) diameter reinforcing cage 
consisting of 6, #8 longitudinal bars with #4 spiral reinforcing bar at 6” (0.15 m) spac-
ing was placed in each pile, and a 4” (0.10 m) concrete cover was required due to the 
removal of the casing. Six foundation groups were tested with each filling of the pit 
(Fig. 4). Extreme care was taken in placement of the oven dried, uniform sand, via a 
sieve based pluviation mechanism, which was checked via a nuclear density gauge. 
Dry sand was chosen as the substrata due to the ease and uniformity in which it can be 
placed. The sand was obtained commercially from a local North Carolina distributor and 
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was marketed as “double washed playground sand”. The majority of the sand particles 
were retained on the 40 and 60 sieves, with a very small percent of fines present.   
 

 
 

Fig. 4. Testing pit (left) and schematic testing arrangement (right) 
 

To evaluate superposition as a design approach for a composite foundation system, 
eight combinations were tested. While each component’s performance is controlled by 
its own variables, component interaction in a composite system may generate secondary 
influences on particular elements. The extent of component interaction is often un-
known and causes heightened complexity in evaluation and subsequent modeling. For 
this reason, the influence of each individual component was tested, followed by an 
evaluation of various combinations. Tests considered the foundation slab, the 
cast-in-place piles, grouting, screw piles, and grouted screw piles, as well as all possible 
combinations (Fig. 5 and Table 1). Additional tests were performed to determine re-
peatability. All combinations were tested axially and laterally. Given the predominant 
relevance of axial loading for foundation reuse, only the axial tests are reported here. 
 

  
 

Fig. 5. Schematic representation of component and combination tests 
 

Table 1. Breakdown of test methodology  
  
 Component Tests Solution Tests 
Elements 1 2 3 4 5 6 7 8 
Cap (C) x X x X x X x x 
Piles (P)  X   x X  x 
Helical Piers (R)   x  x  x X 
Grout (G)    X  X x x 
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The load versus displacement curves for each of the 8 axial tests are shown in Fig. 6. 
Prior to testing, the load-deflection performance was predicted based on the authors’ 
intuition and field experience from worst to best was as follows:  the cap by itself, fol-
lowed by the other foundations without piles (screw piles, then grout and then all), then 
the cap and pile foundation, followed by those with the screw piles, those with the 
grout, and finally all components (Table 2). 

 

 
 

Fig. 6. All axial tests’ load-deflection comparison 
 

Table 2. Predicted and tested axial test performance  
 

Test 
Label * 

Tested  
Ranking 

Predicted  
ranking 

Actual load in 
pounds (kg) at 

0.1” (2.54 mm) of 
displacement 

Actual load in 
pounds (kg) at 

0.25” (6.35mm) of 
displacement 

Axial Cap Pile Pier Grout 
(ACPRG) – [8] 1 1 2,063 (936) 3,525 (1,599) 

Axial Cap Pile Pier (ACPR) – [5] 2 3 2,030 (921) 3,400 (1,542) 
Axial Cap Pile Grout (ACPG) – [6] 3 2 2,025 (919) 3,400 (1,542) 
Axial Cap Pile (ACP) – [2] 4 4 1,685 (764) 3,120 (1,415) 
Axial Cap Pier (ACR) – [3] 5 7 1,450 (658) 2,710 (1,229) 
Axial Cap Pier Grout (ACRG) – [7] 6 5 1325 (601) 2,515 (1,141) 
Axial Cap Grout (ACG) – [3] 7 6 1,260 (572) 2,390 (1,084 
Axial Cap (AC) – [1] 8 8 1,145 (519) 2,260 (1,025) 

* numbers in brackets refer to figure 5  
 
As predicted, all of the cap only foundations performed worse than those with piles, 

and those without screw piles or grouting performed worse than those with them (Table 
2). The tests generally performed in the order expected. The main discrepancy was the 
lower capacity of the grouted screw piles in comparison to the screw piles without grout 
and the better performance of the screw piles compared to that just with grout. The 
screw piles were able to either better transfer the load or were able to densify the soil. 
With the piles, the difference was within 1% at the lower displacement and no change at 
the higher displacement. Without the piles they were within 10% of each other at both 
displacement levels. The slightly superior performance of screw piles over the grouted 
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helical piers was unexpected (see reference 8 for a further discussion of this phenome-
non as a possible outgrowth of the laboratory arrangements).  To quantify the im-
provement of each foundation, Fig. 7 shows the percent improvement of each 
foundation as compared to the cap only foundation. 

 

 
 

Fig. 7. Percent improvement of axial load for increasing displacements 
 
Table 3. Percentage of improvement over cap only foundation 

 
Combo 1  

(ACP, ACR, ACG) 
Combo 2  

(ACPR, ACG) 
Combo 3 (ACRG, 

ACP) 
Combo 4 

(ACPG, ACR) 
Dis-

placement 
(inches) 

ACPRG 
% 

Improv. Sum % Diff. Sum % Diff.  Sum % Diff. Sum % Diff. 
0.01 145 140 -3 180 24 124 -14 202 39 
0.02 150 151 1 158 6 136 -9 183 22 
0.03 123 120 -2 132 7 106 -14 149 21 
0.04 115 107 -7 118 3 90 -22 137 19 
0.05 106 94 -11 106 0 78 -26 122 15 
0.10 80 84 5 87 9 63 -21 104 30 
0.15 69 70 1 72 4 52 -25 83 20 
0.20 60 65 8 63 5 46 -23 76 27 
0.25 56 64 14 56 0 49 -13 70 25 

Abs. av. 
% Diff. 

  6  6  19  24 

 
Mobilization of skin friction in granular material has been estimated to require ¼” 

(6.35) to ½” (12.7 mm) displacement, and mobilization of end bearing requiring 10% of 
the pile diameter.12 For the model piles these numbers translate into 0.031” (0.79 mm), 
0.063” (1.60 mm) and 0.23” (5.84 mm) respectively, which would be 1.38%, 2.80% 
and 10.22%, respectively of the pile diameter respectively. The testing regimen ex-
tended to 0.25” (12.7 mm) to consider the appropriateness of various design approaches 
at these various displacement levels 

Superposition of the various combinations was checked in a variety of ways. In 
Combination 1, the performance improvements (with respect to the pile cap alone, AC) 
caused by the individual introduction of piles ACP, screw piles ACR and grout ACG 
with only the pile cap cumulatively showed an average increase of 6% over the per-
formance of the whole assemblage (δACP + δACR + δACG vs δACPRG). In Combi-
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nation 2, the piles/screw pile’s performance was considered with the grout as a separate 
element (δACPR + δACG vs δACPRG and also resulted in an average increase of 6% 
(with significantly less deviation, except for the initial displacement reading – only 4%, 
if the first reading is disregarded). Combinations 3 and 4 were less successful. Each 
considered the grouting in combination with other subsurface elements and the poorer 
performance may, as explained above be a function of limitations of the testing ar-
rangements. Combination 2 is especially attractive as there was no difference in the 
cumulative approach versus the combination performance for two of the three critical 
points in terms of capacity mobilization (the equivalent of the ¼” (6.35) to ½” (12.7 
mm) displacement for skin friction and 10% of the pile diameter for mobilization of end 
bearing 
 

SUMMARY 
 

In summary, all forms of intervention showed significant levels of improvement for 
both piled and non-piled systems and improved response at lower levels of mobiliza-
tion.  The results should inspire further confidence within the geotechnical community 
as to the ability to enhance the capacity of existing foundation systems.  Furthermore, 
some form of superposition appears to be a likely design approach when predicting the 
results of most of the tested composite foundation systems. When grouting was imple-
mented in relation to the piles and piers, however, there appears to be some additional 
mechanisms in the laboratory tests that may or may not fully reflect field performance. 
Therefore, while superposition shows a strong potential as a design methodology for 
composite foundations, further testing is warranted to determine how the grouting 
mechanism impacts the performance and whether this is a side effect of the 
small-scale 1-g testing or a phenomenon that also appears in full-scale installations.   
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