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Influence of Execution Speed on Displacements of
Soil-Nailed Structures with Vertical Face in Urban Areas

Alexsander Silva Mucheti' and Paulo José Rocha de Albuquerque, Ph.D.2

Abstract: This paper presents the study of the execution speed influence on displacements of soil-nailed structures with a vertical face
in urban areas, intended as the basements of buildings. Fifteen structures in the Metropolitan Region of Sdo Paulo, Brazil, were evaluated.
The main objective was to demonstrate the evolution of the construction technique, making its application possible in conditions considered
by the technical community to be unfeasible due to the inevitable resulting displacements. The studied structures ranged from 6.8 to 22.7 m
high. Soil-nailed walls were instrumented with displacement gauges (deflectometers) positioned near the top, which monitored the structures’
horizontal displacements. The execution time of each work was evaluated in terms of the sectoral excavation advancement, which was 3, 4, or
5 days, as well as the production in square meters per day. The results showed works that were less displaceable than the estimates proposed in
the literature. The impact of execution speed also was evidenced, showing that the opening interval of new work fronts resulted in significant
differences, with displacements ranging from 20 to 23 mm, from 10 to 15 mm, and from 0 to 6 mm, respectively. Two equations proposed to
predict horizontal displacement based on the retaining structure height and daily work productivity are presented. The study can enable works
that may be considered impractical if analyzed from the displacement premises of the literature; moreover, this study disseminates design and
execution standards to obtain less-displaceable works. DOI: 10.1061/(ASCE)C0.1943-7862.0002286. © 2022 American Society of Civil

Engineers.
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Introduction

The soil nailing technique has been used for more than 50 years,
and improvements to its execution and the understanding of its
behavior continue to develop through studies worldwide. Pioneer-
ing studies (Clouterre 1991; Gissler 1978; Gassler and Gudehus
1981) helped disseminate the methodology and contractor invest-
ments for research involving construction companies, contracting
parties, and research centers, mainly because it is a fast, economi-
cal, and safe methodology.

Soil nailing can be defined as a reinforcement technique for
existing slopes or cuttings, executed via successive excavation
phases, concurrently with the installation of passive elements—
usually steel bars—in holes, filled with cementitious grout, fol-
lowed by drainage and face shotcrete coating (Clouterre 1991; Fan
and Luo 2008; Farokhzad et al. 2020; FHWA 2015; Sabermahani
et al. 2018).

In addition to slope geometry and soil parameters, other factors
affect the stability of a soil-nailed structure, such as: nail orienta-
tion, nail properties, nail length, and nail spacing.

The use of grout reinjection covering the nails to increase the
resistance of the soil-nail interface (g,) is substantial advance in
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the execution methodology, in addition to mitigating displacements
(Kim et al. 2013; Moayed et al. 2019; Seo et al. 2017; Shahraki
Ghadimi et al. 2017).

The installation of vertical nails connected to the concrete face
increases the shear strength and stiffness of the foundation, reducing
displacements, and is yet another improvement, especially for top-
down constructions (Azzam and Basha 2017; Mucheti et al. 2019).

Many studies have pointed out the influence and the great varia-
tion of g strength, which continues to be the target of studies
worldwide, and is due to influence of soil and nail characteristics
and execution methodology. Those studies confirmed the need for
pull-out tests to validate the design assumptions and qualify the
elements installed in the structure (Chen et al. 2020; Shahraki
Ghadimi et al. 2017; Tokhi et al. 2018; Zhang et al. 2009).

The development or improvement of the technique does not
stand out only in executive aspects, as computational numerical
modeling of geotechnical structures has been developed, dealing
with different approaches involving different analyses, such as
those related to performance (probabilistic or deterministic meth-
ods), methods (limit equilibrium or finite elements), and models
[two-dimensional (2D) and three-dimensional (3D) analysis],
which can predict the performance of the work before it is devel-
oped (Moradi et al. 2020; Wang et al. 2020; Zamiran et al. 2012).

Opposed what was cited by Sabermahani et al. (2018), deep
excavations in urban areas close to adjacent buildings are carried
out using the soil nailing technique to gain space in the basements
of buildings (Farokhzad et al. 2020). In urban contexts, studies
assessed the behavior of concave and convex corners (excavation
vertexes) and found the importance of nail arrangement to achieve
satisfactory stability results and smaller displacements, thus im-
proving results (Moradi et al. 2020; Zad and Hejr 2019).

Two important manuals used worldwide provide guidelines for
the elaboration of design and performance of soil nailing technique
(Clouterre 1991; FHWA 2015). Those manuals estimate the face
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horizontal displacements based on soil type and structure height.
Depending on the type of application, the results of an initial analy-
sis may lead to a probable impossibility of employing the technique
due to the high displacement that the structure may suffer. Those
manuals are based on works that were carried out more than
30 years ago (Bruce and Jewell 1986, 1987; Clough and O’Rourke
1990; Ho et al. 1989; Stocker and Reidinger 1990; Thompson and
Miller 1990).

Thus, those estimates should be updated, because the technique
has evolved since that time, in terms of design techniques, materi-
als, and construction processes. The most recent works indicate
better performance in relation to the magnitude of horizontal
displacements compared with the estimates proposed by the
manuals.

Excavations with significant heights were carried out in urban
areas using the soil nailing technique and showed positive results in
terms of cost, versatility, execution speed, and especially perfor-
mance. Some works have reported lower displacements than those
predicted by the manuals (Bridges and Gudgin 2014; Corte et al.
2016; Durgunoglu et al. 2007a, b). Despite the variables involved in
the design or execution, the current technique has reached a differ-
ent format from that of 30 years ago.

It is important that those involved become aware of the new pos-
sibilities that the technique demands. The estimates of horizontal
face displacements based on manuals can lead to early interpreta-
tions that do not allow the application of the soil nailing technique
due to the high estimated displacement.

A little-studied point is the influence of the soil nailing tech-
nique execution speed on horizontal face displacements. This paper
evaluated displacements according to the variation of the imposed
execution speed.

To fulfill the objective, 15 soil-nailed works with a vertical face
intended as the basements of buildings were designed and devel-
oped with various heights, and the face displacements and execu-
tion speed were measured. The adopted execution methodology
was standardized, except in relation to the opening time of new
work fronts (advanced excavations), which varied according to the
size of the area to be retained by soil nailing.

The results showed a relevant contribution mainly to the con-
structive aspects, and demonstrate that using the technique assures
less-displaceable works.

Estimate of Soil-Nailed Structure Displacements

In general, the maximum horizontal displacement of a soil-nailed
structure with a vertical face occurs at the top. Vertical displace-
ments usually are small, and of the same magnitude as horizontal
displacements. Displacements increase with the increase of soil-
nailed structures’ height, the spacing between nails, the nail incli-
nation, and overload. On the other hand, horizontal displacements
decrease with greater wall thickness, increased soil stiffness, and
less spacing between nails (FHWA 2015).

Based on the results of five instrumented works, we propose a
method to estimate the magnitude of soil-nailed structure displace-
ments using three calculations (Clouterre 1991): ¢, the horizontal
displacement behind the soil-nailed structure; d;,, the face top hori-
zontal displacement; and ¢,, the face top vertical displacement.

Displacement ¢, is estimated between 4H/10,000 and S5H/
10,000, and this value varies inversely to the L/H ratio, and is
dependent on the nature of the soil (Clouterre 1991).

Displacements can be estimated according to Table 1 if the soil
nailing technique is performed according to the recommendations
in the manuals (Clouterre 1991; FHWA 2015).
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Table 1. Displacement estimated as function of soil type

Intermediate

Displacement soils (rocks) Sand Clay Reference
b, =6y H/1,000 2H/1,000 4H/1,000  Clouterre (1991)
b, =06y, H/1,000 H /500 H/333 FHWA (2015)

A (0.8) (1.25) (1.5)  Clouterre (1991) and
FHWA (2015)
- ) - o |
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Fig. 2. Displacements according to FHWA (2015).

Parameter )\ is used to determine the significant displacement
range (Dpgg), which corresponds to the end point of the displace-
ment action from the face

DDEF = )\(1 — tan Q)H

where a = angle of soil-nailed structure face; and A is a coefficient
that depends on the type of soil.

The same indexes are used in the English standard BS 8006-
2:2011 (BSI 2011), the French standard NF-P94-270 (AFNOR
2009), and the Nordic soil and embankment guide (Nordic
Geosynthetic Group 2005). Figs. 1 and 2 illustrate the position
of the estimated displacements according to the literature.
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Cases

Fifteen works for the basements of buildings were studied in this
paper; the face horizontal displacements and construction time
were monitored. The works are located in the cities of Santo André,
Sdo Bernardo do Campo, Sdo Caetano do Sul, Barueri, and Séo
Paulo (Figs. 3 and 4).

The geology of the Metropolitan Region of Sdo Paulo (RMSP)
is composed of three large types; in stratigraphic order, these are
Precambrian basement; Paleogene to Neogene sediments (previ-
ously called Tertiary) of the Basin of Sao Paulo, and Quaternary
covers (Negro et al. 2012).

MATO GROSSO
DO SUL

0 60 120 km
— ]

Table 2 presents the set of works monitored by displacement
indicators (deflectometers) with the indication of the location, ex-
ecution year, soil type, retaining structure height, total area of soil-
nailed section, nail mesh, and length of upper and lower nails of the
retaining structure. The mesh size (S, x S,) was 1.0 x 1.0 m, and
the face thickness was 100 mm. With the exception of Works 9 and
13, which were the highest, the L/H ratio (nail length to soil-nailed
structure height) was 0.9 for upper nails and 0.6 for lower nails.

In other works, the ratios were between 1.0 and 1.3 for upper
nails and between 0.7 and 1.6 for lower nails. The works are located
mainly on fine-grained soils; nine works are on silty clay, two
works are on sandy clay silt, three works are on sandy silt, and
one work is on silt embankment.

Table 3 presents the execution time, daily and monthly produc-
tion, and face displacement at the end of the execution for soil-
nailed structures.

Fig. 5 shows the horizontal displacement of each work and the
influence of execution speed on displacements based on monthly
production.

There was a linear increase in displacements as the monthly pro-
duction increased. This index is important because soil-nailed
works generally are economically viable with production of at least
250 m? /month for each team allocated to the work; thus, works
with larger perimeters allow the opening of a greater number of
excavation fronts, maintaining a reduced execution speed (smaller
displacements) but with a productive yield which justifies a lower
labor cost.

Design Concept and Execution Sequence

The projects followed a standardization using the recommendations
of Clouterre (1991), FHWA (2015), and Nordic Geosynthetic
Group (2005) as starting points, but adapting them to obtain better
results regarding face displacement and characteristics, similar to
those described in Fig. 6.

An important feature regarding the nails is the use of three
sectoral grouting phases after the sheath is finished. Polypropylene

MINAS GERAIS

OCEANO
ATLANTICO

Fig. 4. Site locations.
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Table 2. General and design characteristics

Work Location Year Soil type Height (m) Area (m?) Upper nails (m) Lower nails (m)
1 SCS 2010 SE 1,139 10.0 6.0
2 SBC 2012 SCS . 458 11.0 7.0
3 SBC 2012 SCS 11.8 787 12.0 8.0
4 SCS 2012 SC 923 11.0 6.0
5 SCS 2013 SC 670 11.0 8.0
6 SBC 2015 SC 610 9.0 6.0
7 SA 2015 SC 762 9.0 6.0
8 SA 2015 SC . 437 9.0 6.0
9 SBC 2015 SS 22.7 2,200 20.0 14.0
10 BA 2015 SS . 500 7.0 7.0
11 SA 2017 SE 11.5 1,917 12.0 10.0
12 SA 2017 SC . 188 10.0 8.0
13 BU 2019 SS 16.0 344 14.0 10.0
14 SA 2020 SC 765 12.0 14.0
15 SCS 2020 SC 771 10.0 12.0

Note: SCS = Sao Caetano do Sul; SBC = Sao Bernardo do Campo; SA = Santo André; BA = Barueri; BU = Butantd; SC = silt clay; SCS = sandy clay silt;

SS = sandy silt; and SE = silt embankment.

Table 3. Execution data

Time Production Production Displacement
Work (days) (m?/day) (m?/month) (mm)
1 176 6.5 194 10
2 88 5.2 156 6
3 103 7.6 229 10
4 90 10.3 307 20
5 160 4.2 125 0
6 155 39 118 0
7 125 6.1 182 5
8 106 4.1 123 2
9 441 5.0 149 5
10 72 6.9 208 13
11 170 11.3 338 23
12 33 5.7 170 5
13 45 7.6 229 15
14 223 34 102 0
15 151 5.1 153 2

tubes Y2-in. in diameter were installed (Fig. 7). Grouting valves are
small openings in the pipes, every 0.5 m, plugged with adhesive
tape. Sectorization was chosen to ensure valve opening in the de-
sired section. The recorded injection pressures ranged from 700 to

mmm \Works

HORIZONTAL DISPLACEMENT (mm)

o
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23
13 15 mm
10 mm
5 5
2 2
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| o N
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1,000 kPa for valve opening and from 200 to 600 kPa during the
grouting process.

In general, the execution sequence followed the recommenda-
tions of Clouterre (1991), FHWA (2015), and Nordic Geosynthetic
Group (2005) but with some different implementations and details
¢ in all works, vertical nails were used with a 5° inclination rel-

ative to the face, and 4.0 and 6.0 m long, depending on the

soil-nailed structure height;

 the new excavation fronts were opened only after the nails in the
upper line had been installed and regrouted and the shotcrete
had been applied; and

 the execution proceeded according to Fig. 8.

To mitigate displacements, following Azzam and Basha (2017)
and Mucheti et al. (2019), vertical nails were installed at pre-
established points according to the structure height. The nails had
two sectoral grouting phases and were arranged as in Fig. 9.

Displacement gauges were installed near the top of retaining
structures to control horizontal face displacements. The gauges
were metal rods equipped with a free section and an anchored sec-
tion (such as a bond); the free section was protected with a rigid
PVC tube, and the anchorage was carried out by grout injection.
For each rod, a metal plate was fixed to the shotcrete face as a
reference for the readings.

Production m2/month
25mm

20 mm

v

N <&
0 P O & O

N S

Fig. 5. Displacement per work and displacement as a function of monthly production.
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Anchor hole + 3
injections

Building basement

Whash boring Face=0,10m

ShxSv
30<qgs <60
Soil Nail 1,0x1,0m
Design Concept
w/c = 0,5 (anchor hole)
w/c = 0,7 (injection) Ranking nails 10°

Steel mesh .
3,11 kg/m’ Pull-out tests
Limit equilibrium o
methods Face monitoring

Fig. 6. Standard characteristics of projects involved.

The displacement gauges were anchored with three different
lengths to enable the identification of the region that separated
the active zone from the resistant zone (Fig. 10).

Other than Work 11 (on sandy silt embankment soil), Displace-
ment gauge 1 measured the displacements of the works, and it was
verified that the critical failure surface is located at the point at
which the highest loads act on the nail, at a distance 0.3H to
0.4H from the retaining structure top. For Work 11, the displace-
ment was noted in Gauge 3, which was observed in the field from a
crack in the neighboring floor and extending longitudinally to the
end of the nails. Fig. 11 illustrates the movement observed accord-
ing to the displacement gauges.

Results and Analyses

Based on results, it was possible to analyze the relevant data to
understand the behavior of the horizontal displacement of soil-
nailed structures with a vertical face in urban areas.

Execution Time

Execution time control was carried out for all the works, which
made it possible to establish the production in square meters

Fig. 7. Detail of re-injection system.

SITES
CO::;S;J::IEON 22,5,6,7,8,9,12,14
AND 15

SITES SITES
1,3,10 AND 13 4 AND 11

1st + 2nd

bare INJECTION

1st + 2nd 1st + 2nd + 3rd
INJECTION INJECTION + SHOTCRETE

DAY 4 CURING

NEW EXCAVATION

Fig. 8. Execution sequence.
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Fig. 10. Detail of displacement indicators.
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Fig. 11. (a) General observation; and (b) Work 11.
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Fig. 12. Horizontal displacement versus daily production.

per day. There was a linear increase in horizontal displacement with
the increase in daily production (Fig. 12). Works with a larger con-
struction perimeter enable the opening of simultaneous work fronts,
allowing for a reduced execution speed, with no labor cost per
square meter, and also enabling less displacement.

It is possible to establish an equation that enables estimating
horizontal displacements as a function of daily production, from
a minimum 4.0 m?/day production. The 20% variation in the
trend line of the analyzed works is indicated, and good agreement
with the results was noted. The coefficient of variation obtained
was 36%; according to the OCDI (2009), this is classified as low
but acceptable. Clouterre’s (1991) proposal to estimate the dis-
placement of soil nailing walls was based on the analysis of 5
instrumented works, linked to the type of soil and height of retain-
ment, whereas in the present work the influence of the execution
speed was incorporated in the concept based in 15 instrumented
works

_p—40

O 0,30

(£20%)

0, = horizontal displacement (mm); and p = production
(m?/day).

In addition to predicting horizontal displacements, the equation
allows the construction company and the project manager to esti-
mate the execution deadline and link it to the construction perfor-
mance; based on this, they can prepare a joint action strategy in
advance to obtain better results. They also can anticipate planning,
being aware of the minimum execution period, avoiding the
increase in execution speed to recover schedule delays.

Displacement Assessment

Figs. 13 and 14 show the estimated horizontal displacements as a
function of the soil type and soil-nailed structure height according
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to Clouterre (1991) and FHWA (2015). In the case of fine-grained
soils, which accounted for most of the works studied, the smallest
displacements obtained were close to 1/3 ratio, a very significant
result, proving the improvement of the technique compared with
works carried out 30 years ago.

Because the displacement estimates proposed by Clouterre
(1991) and FHWA (2015) take into account the retaining structure
height, Works 9 and 13, which were the highest—22.7 and 16.0 m,
respectively—had displacements of as much as 91 and 64 mm
for clayey soils, and 45 and 32 mm for sandy soils, respectively.
Contradicting the premises of the literature, which present 5- and
15-mm displacements; thus it is assumed that the higher the struc-
ture, the greater is the forecast error.

Comparing the displacements in Fig. 14, even with execution
speed ranging between 3.4 and 11.3 m?/day, all the results ob-
tained at the end of the retaining structures execution were lower
than the estimates in the literature; eight works had displacements
of as much as 5 mm, three works had displacements of as much as
10 mm, two works had displacements of as much as 15 mm, one
works had displacements of as much as 20 mm, and one works had
displacements of as much as 23 mm, the latter of which was on
landfill soil.

An equation for predicting displacements as a function of ex-
ecution speed, height, and soil characteristics is suggested, from
a minimum 4.0 m?/day production

p—4.0
bp=———+0,08-H -
" 050 *
where 6, = horizontal displacement (mm); p = production

(m?/day); H = soil-nailed structure height; and s = soil type, where
s = 1.2 for clays and silts and s = 0.75 for sandy soils.

Figs. 15 and 16 show the effect of execution speed on horizontal
displacements for different retaining structure heights. The proposal
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Fig. 13. Displacements in fine-grained soils.
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Fig. 14. Displacements in sandy soils.

refers to structures with vertical faces ranging from 3.0 to 24.0 m
high.

In the set of 15 works analyzed, 9 works were between 8.5 and
9.5 m high, observing the interval between the heights of 9.0 to
12.0 m in Fig. 15, it appears that 7 works fit close to this variation,
which represents a reasonable agreement for these structures. For
sandy soils, the adjustment was checked based on the variation of
displacements in Fig. 14, and it was determined that in granular
soils the same displacements allowed higher structures.
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Analysis with Historical Cases

Comparing the horizontal displacements measured in the 15 works
with the results of historical cases, it was found that 11 works
had displacements less than H /1,000, 1 work had a result slightly
above H/1,000, and 3 works had results close to 2H /1,000
(Fig. 17).

The work that had displacements just over H/1,000 (Work 1)
and the works with displacements of 2H /1,000 (Works 4, 10,
and 11) had the highest execution speed, with production greater
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g’ Conclusions

e The variation of the construction sequence showed the influence
of execution speed on soil-nailed structure face displacement.
The opening interval of new work fronts in 3, 4, and 5 days
resulted in significant differences, with displacements ranging
from 20 to 23 mm, from 10 to 15 mm, and from 0 to 6 mm,
respectively.

e To comply with the proposed estimates, the following design
characteristics must be taken into account: vertical face,

0 5 10 15 20 25 30 mesh of nails sized 1.0 x 1.0 m (with 15% acceptable varia-

DISPLACEMENT PREDICTION (mm) tion), the nails must be prepared with sectored reinjection
phases, and the stability analyses must satisfy the limit equilib-
rium methods.

» The execution speed of the soil-nailed structures and the dis-
placements also are related to the curing of the cement slurry
of the nails and the shotcrete of the face. The cement character-
istic must be evaluated and considered to define the opening
speed of the new excavation fronts.

* Works with larger construction perimeters benefit when a
construction sequence with lower excavation speed is applied,
because it allows the simultaneous opening of more excavation
fronts; on the other hand, works with smaller construction
perimeters deal with two situations: the first is related to produc-
tivity, that is, low productivity increases the labor cost; the
second is an increase in the execution speed, which increases
face displacement. Execution speed between 10 and 15 m?/day
(approximately 220-300 m?/month) usually is the pace estab-
lished by construction companies to ensure a competitive labor
cost per square meter.

PRODUCTION (m?/day)

Fig. 15. Effect of height on fine-grained soils.

SANDY SOILS

PRODUCTION (m?/day)

0 5 10 15 20 25 30 * The works carried out in the RMSP generally were less displace-
DISPLACEMENT PREDICTION (mm) able than was assumed in the literature, whether for clayey or

sandy soils, which shows the importance of a more careful as-

Fig. 16. Effect of height on sandy soils. sessment of displacements so as not to make the construction

methodology unfeasible before analyzing the influence of
execution speed.

than 7.5 m?/day, and construction sequence each 3 days for Works * This paper proposes an adaptation of the horizontal displace-
4 and 11, and each 4 days for Works 1 and 10 as shown in Fig. 8. ment estimates proposed by Clouterre (1991) and FHWA (2015)
The comparison of the works carried out in the Metropolitan from the analysis of works carried out in the RMSP. The equa-
Region of Sdo Paulo shows that the execution speed interferes with tion incorporates the influence of execution speed, a factor that
100 m L n L7 . Bruce and Jewell (1986, 1987)
s 90 m //’ n Durgunoglu et al. (2007a, 2007b)
E 80 ' /" s Clouterre (1991)
% 70 -/" n _- ¢  Thompson and Muller (1990)
5 60 |-..// T O  Stocker and Riedinger (1990)
g so o " . o  Hoetal. (1989)
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P A/. - .". q (] e  Works (Authors)
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Fig. 17. Comparison of results obtained with historical cases.
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greatly affects displacements, which was the main target of
this study. In addition to forecasting displacements, the new pro-
posal supports the estimation of deadlines and costs for works,
which are crucial aspects for decision-making regarding the
application of the soil nailing technique.

Data Availability Statement

Some or all data, models, or code that support the findings of this
study are available from the corresponding author upon reasonable
request.
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