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ABSTRACT

A theoretical approach for buckling of micropiladly embedded in a weak soil is presented in thisl\s using
nonlinear equations. A method has been developguredict relationships between the critical bugilioad and the
lateral deflection for a single micropile subjectedsertical axial load. Nonlinearity of soil wasrsidered using subgrade
reaction. Therefore, the buckling of the micropilas formulated by using the small-angle bendingthelhe governing
nonlinear equations for the buckling of micropildepend on the exact expressions of the curvatunes the
finite-difference method which were used to fornelthe mathematical model. The controlling facsush as subgrade
reaction coefficients, boundary conditions and piienensions were considered in the analysis, agics and
calculations. Comparisons between the resultseoptesent analysis and those obtained from thamalysis show a good
agreement. Also, comparisons show the accuradyeoptesent analysis. Additionally, the resultsdatikd that the present

analysis and is rational and easy for applicatiuth @sing.

KEYWORDS: Buckling, Finite-Differences, Lateral Deflection, itdMopiles, Numerical Analysis, Numerical
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INTRODUCTION

Micropiles are slender elements and defined aslsieaheter piles, less than 300 mm and normallyvben
100-250 mm. They mainly transfer their loads byndkiction because the surface area of micropilyscally hundreds
times larger than the base area. Therefore, tivmailt load which can be supported by a single mitgds defined by:
(1) structural shaft resistance, (2) buckling load,(3) failure of the grout/soil bond. Howevergthllowable load of
micropile may be specified due to limitations afesses and/or settlements that can be accepteuebstructure being

underpinned [1-4].

During last years, micropiles have been widely usedstrengthening archaeological, historical andvne
buildings [5]. So, theoretical analysis, numerieglplications and experimental works are necessady raquired to
understand the behavior of micropiles. Moreoveg, dhalysis of micropile buckling is strongly reeuairif the micropiles
are installed through weak soil. Many researchach &is Abou-Rayan [6] and Ashour and Norris [7]enhaunsidered a

simplified approach for the analysis of single ttiadal pile under direct lateral loads.

Their analysis was based on the variation appr@dahg with the finite element method. Where, thexdiral
bending of the pile is modeled by linear-elastiareelements. In their investigations, the applaatilwas considered as
direct lateral forces at the free top on the piper end. Moreover, Zanuy et al. [8] mentioned ti@mEenough attention

was given to the lateral force effect as a consecpief micropile vertical axial load.
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156 Alnos Aly E. Hegazy

There are many problems concerning the design lamdniethodology of using micropiles as: (1) casitée
filled with fines or empty, (2) partially or fullgmbedded micropiles in a very weak soil, (3) thexmest of applied load,
(4) buckling may be occur, (5) difficulties of cangtions, ...etc. When a portion of the micropikes to be exposed by an
excavation, buckling should be considered and pilay need to be connected horizontally [9,10,11,$#hilar to the
analysis of columns, the free standing part of opdes suffers from high compressive forces withanty lateral
resistance. Thus, the use of large-angle bendmyyhin the analysis is required to investigatepbst-buckling behavior
for slender elements. So, the surrounding soil idesy lateral supports for the embedded part of apites. Therefore,
buckling is somewhat limited in the embedded zoridence, the use of small-angle bending theory

(classical bending theory) is sufficient for thebsis [6,7,10,11].

The influence of axial deformation is taken int@@aent to simulate the micropile behavior correcilzerefore,
the micropile is considered to buckle as one uihénce, the embedded and free standing parts obpiierare assembled
together to estimate the buckling load. The coniplesf the problem requires a considerable numltfeitevations to
obtain the suitable solution, [8,13,14]. Therefdhés study provides a theoretical analysis fordhgcal buckling load of
a micropile embedded in a weak soil using the didifference approach. The considered parameters as
(a) the surrounding soil subgrade reaction modulo)s boundary conditions at lower and upper endnafropile, and
(c) Micropile dimensions (pile length) are vari&b, for each of the variables an entire family @fisons is desirable to

effectuate an optimum design.
THEORETICAL ANALYSIS

The analysis is conducted on an elastic micropfléength (), constant cross sectional areg,(moment of
inertia () and modulus of elasticitfE] subjected to an axial load not exceeding the apite critical load Q). The pile is
fully embedded in a soft soil. The necessary amplired assumptions for the theoretical analysis @} the pile is
considered completely straight, elastic and subget vertical variant force®)j along its vertical axis, (b) the geometric
properties of the cross section and material ansteat along the micropile length, and (c) the daéormations are small
and enough to use the linear small-angle bendiagrth Additionally, the micropile is modeled as @ntinuous elastic
linear beam on a Winkler foundation having: (1l)etat or normal modulus of subgrade reacti&),((2) tangential

modulus of subgrade reactiag;), and (3) subgrade reaction modulus of soil utiiepile baseKy).

These reactions are represented by elastic linargs as shown in Figure 1. Also, in this figuvds the axial
shortening in the pile at x-coordinate drid the lateral deflection in the pile at y-coomti®. For the theoretical analysis, a
small element (C-D) of lengttix=dL is studied. The forces and moments on the ele@dntare shown and indicated in

Figure 2. Hence, the vertical and lateral directiequilibrium of C-D element is analyzed and agpttee following:
Vertical Direction Equations

From the equilibrium of forces in the vertical ditien, as shown in Figure 2, the following equatiman be

written as:

dQ

—-K,v=0 1
dx ! @)
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According to the linear stress-strain relationsttipe applied axial load can be expressed in thiovioilg

equation:

Q= eadY 2)(
dx

By differentiatingQ with respect to x at equation (2), the followirgation is obtained as:

2
d_Q = E_A_d_\zl ©))
dx dx

Then, by using the obtained data in equation (®) eiquation (1) becomes:

d’v

E.A—d > K,v=0 (4)
X

Referring to equation (4), it is evident that, eipa (4) is the governing linear differential eqoat

(second-order) for the axial deflectisav(x). Therefore, the logical boundary condition atpile base (i.e. at x = 0.0) is:

dv
E.A— =K,V _ 5
( dxjx—o P ( )

Moreover, the analytical solutions of equation ¢8n be obtained in term afv(x) and the last remains

unknown. Therefore, an approximate numerical methadquired.

i MY Q+(dQ/dx).dx
pile cap k_hil(dM. dx).dx
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Figure 1: Elastic Micropile in Weak Soil Figure 2: Forces and Moments on Element C-D

Figure 3 shows the adopted central finite-diffeeeioé equal spacingZk). Where,4Ax = L/(N-1) andN is the

total number of nodes. Then, the differential efumef4) is written in central finite-difference faode {) as the following:

Vig —2v, +V,

EA
(Ax)*

-K;.v, =0 (6)

To simulate the boundary conditions at the bagaiofopile (node 1), the forward finite—differencseused as:
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Figure 3: Finite Difference Scheme of Micropile Emkdded in Weak Soil

Lateral Direction Equations

Referring to Figure 2, the equilibrium of forcedlire horizontal (lateral) direction gives the feliog equation:

(8)

dH
——=K,.f
ax
Moreover, the equilibrium of moments is consideasd
dM +Q.df —H.dx=0 )
By differentiating equation (9) with respectt@and dividing bydx, the equation gives the following:
10
dM +Qd2f+dQ df _dH _, (10)
dx* T dx* dx dx dx
Hence, the substitution of equation (8) into equrafil0), the following equation is given:
d*™m d*f  dQ df
> +Q.—2+—Q.——Ka.f =0 (11)
dx dx dx dx
The small-angle bending expression for the momemvature relationship is:
2
f
M =-EI .d (12)

dx?
By substituting equation (12) into equation (1he governing fourth-order linear differential eqaatfor the

lateral directiorf = f.(X) gives:
d*f d*f N dQ df

o +Q. —-K,.f=0 (13)

-E.l. —.
dx?> dx dx
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Referring to equation (13), it is evident that: €guation (13) has no available analytical solutiooording to the
variation of the axial force and (2) by neglectihg skin friction for constant axial force, it rexs to the well-known
equation derived by Hetenyi [13] for buckling ofdmes in the elastic foundation. Therefore, the axprate numerical

solution of central finite-difference is used. Henthe equation (13) is written as:

-El ( fip—4f, +6f —4f, + fi+2J+Q'( f,—2f+ fi+1J+

(&%) (Ax)?
(_Qi—1+Qi+1j.[_ fi—1+ fi+1j_Kaj'fi =0 (14)
2.AX 2.AX

By rearranging equation (14), it becomes as:

__ E-|4:|'fi—2 +{4 E.|4 + Q _ _(_Qi—l'"?iﬂﬂ_fi_l
| (AX) (Ax)"  (AX) 4(AX)

s -6 Bl _5 Q —Kaj}fi
(&) (Ax)

+a Bl Qi2+("Qi-1+9+1ﬂ.fiﬂ{ E"L‘}.fiﬂ:o
(&) (AX) 4(AX) (AX)

Solution Sequence

(15)

Equation (15) can be applied for the embedded teafymicropile in soft soil, i.e., for nod@sto N-1. Thus, a set
of N-2 simultaneous homogeneous linear equatiométi unknowns are obtained. So, the matrix form cagiben as:

{G}(N—Z).(N—Z) { f }(N—Z) =0 (16)

Where, the coefficients of matri}G} are changed into square matrix by applying thendaty conditions at

lower and upper ends of micropile as follows:

* Boundary conditions at the lower end of micropilede 1).

0] At fixed end: f1=0, fi.i=fis1 (i.e. deflection=0, slope=0)
o] At Hinged end: f=0, f1=f; (i.e. deflection=0, curvature=0)
o] At free end: M;=0, H,=0 (i.e. moment=0, horizontal force=0)

e Boundary conditions at the upper end of micropilede N)

o] At fixed end: fn=0, fno=faes (i.e. deflection=0, slope=0)
o] At Hinged end: =0, fy.1=fner (i.e. deflection=0, curvature=0)
o] At free end: Mn=0, Hy=0 (i.e. moment=0, horizontal force=0)
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The initial values foH, Q. andf; are required to start the solution. These varg@abén be estimated by using the
results obtained from the linear analysis. In tigly, the first iteration gives the linear restiyssetting all the nonlinear
terms equal to zero. After obtaining the solutithe micropile length is modified until reaching theecific accuracy and

the curved length of the pile is obtained usingravird numerical integration as:

Nl _ 05
L= Z{“ (%ﬂ DX (17)

i=1

The computed length of pile obtained from equatibn) is compared with the actual length. If thefatiénce
between the computed length and the actual lerggtimare than 1%, the procedure is repeated to rdechequired
accuracy. Hence, finite-difference scheme for npdep as shown in Figure 3, was simulated using
MATLAB-SIMULINK programming language under MATLAB grkage of version 7.14. Where, the simulation was
based on MATLAB-SIMULINK toolboxes which are suitalfor differential equations. Fixed step integvatialgorithm

of 0.1 ms based on Euler method has been usedviotbe system.
NUMERICAL APPLICATION

The theoretical approach is applied on a hollove pipcropile of outer diameter of 20.5 cm and indiameter of
19.6 cm. So, the micropile has: (a) cross sectiea af pile A)=28.33 cm, (b) moment of inertial =2848.7 crfy and
(c) elasticity modulusE) =200 x 16 kN/m?. In this study, the micropile is fully embeddedsft soil and it is analyzed

for the followings:

« Moduli of surrounding soil subgrade reactions wemensidered, 500kN/m 1000kN/mi, 5000kN/ni and
10000kN/nf.

» Three micropile-end conditions were considereck,frénge and fixed end.

» The micropile length is considered to be a long mt a flexible pile and its behavior is similar ttwat of

semi-infinite pile.

The effect of the studied variables on the buckbegavior of micropile are presented in dimensissform, as
shown in Figures 5-11, showing the relationshipsvben the critical load ratidR (R=Qy1/Q« ), against the lateral
deflection ratioF (F=f../L). Where,Q ; is the critical load obtained from the small-angénding analysigQ, » is the
critical load obtained from the linear analysi®.(iall nonlinear parameters equal zeffg), is the maximum lateral

deflection of micropile and is the length of micropile.

From the analysis of the studied factors affecting buckling behavior of micropile, it is evidertat these
factors have a significant effect on the criticatkling load ratio R). Also, it is clear that: (a) the critical buckdifoads
computed from small-angle bending analys®, () are equal and approximately in close to thosaionbt by linear
analysis Q) at low values of lateral buckling; and (b) witietincrease of the given lateral buckling, the ®alafQ 1

increase gradually comparedQ@g ,, (R>1.0).

According to results of analysis and the relatigpstbetween the critical buckling load rati®) (and the lateral
deflection ratio ), as plotted in Figures 5-11, the controlling tastaffecting the buckling of micropile can be désed

as the followings:
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Subgrade Reactions

Figure 4 shows the lateral deflection profiles atnmwpiles hinged-hinged, fixed- hinged and fixexefi end

conditions. Micropiles are fully embedded in saifghree different values of normal subgrade reacK,). The effect of

normal subgrade reaction moduls)(on the lateral deflection is considered. Theat#fbn profiles show that:

The deflection values are influenced by the valfieKg Where, with the increase &f, values the lateral

resistance to the lateral deflection increasesceklethe lateral deflection is restricted and deszda

The end conditions of micropile play a consideradffect on lateral deflection. As the increaseigétion, the

lateral deflection decreases.

On the other hand, Figures 5-7 show the relatigmsshetween the critical buckling load rati®) @nd the given

lateral deflection ratioF) at the variation values &f,, K; andK,. Based on the results analysis:

The load ratio (R)

As the values oK, increase, the values of the buckling load ra®pificrease regardless to valued oK; andKjy,.
For instant, at the lateral buckling ratié)€ 10% and 20%, the buckling load ratio increasgsliout 2% and
15% respectively for the maximum considered valde Kg (10000 kN/m). While, at low value of
Ka (500 kN/n), the increase dR is about 3% aE=20%, as shown in Figure 5.

The values oR decrease slightly with the increaselkafregardless to values &f K, andK,. For example, at
F=20%, the value oR increases by about 4% f&& =500kN/n? and by about 3.25% fdf, =10000kN/mi, as
plotted in Figure 6.

The values oR increase slightly with the increaseskgf values regardless valueslafK, andK;. The value of
Rincreases by about 4% f&r=500kN/n? and by 5% foK,=10000kN/ni at F=20%, see Figure 7.
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Boundary Conditions

The boundary conditions have a significant effecthe buckling load of micropile with the increadfehe given
lateral buckling. It was observed that with thergase oK, value the lower end will be similar to the fixedderegardless

the type of the boundary conditions. Accordinghte analysis results the variations of boundary itimmd, it is clear that:

* Micropile buckling load is influenced and contralley the upper end conditions. The increase inbtlekling

load ratio R) with the lateral deflection ratid-J will be similar for piles having the same uppadeondition.

e« The changes in the buckling load ratig) (with the given ratioF for micropile hinged at its upper end is
approximately the same changes for micropiles fiaad free upper ends, as indicated in Figures 80the
other hand, for a micropile free at its base, th@dase irR is less than that for a lower hinged or fixed ends
except at very high values of normal modulus ofgsatie reactionK,). For example, aF=20%, the increase of
the ratioR is about 10% for piles with hinged and fixed lovesrd. While,R value increases by about 6% for

micropile free lower end, Figure 8.
Micropile Length

The relationship between the critical buckling lsatio R) and the lateral deflection ratif)(due to the variation
of micropile length I() are shown in Figure 11. The results indicated the micropile lengthl() has a significant effect
on the values of botR with F and related to the changes of micropile buckliogdl with pile lengthL(). Also, it is
observed that:

e For large length of micropile, the increase in thdo R with the ratioF is less than that for small length.
For instant, aF=20%, the increase &fis about 5% and 10% fdw=25m and 10m respectively.

» The value ofRR trend increases with the increaselLofFor example, the values Bfincrease by 1.5% and 5% at
F=10% and 20% respectively far25m, while, that values increase by 2.5% and 162h$10m.

COMPARISON

The lateral load-displacement (p-y) method was usedcomparison because the p-y method is capable t
(1) represent wide range of soil and loading camét in realistic manner; and (2) be in reasonalgleeement with the
field loading results. Also, this method has bekosen to validate the proposed method. The p-ysisalvas performed
using the computer program GeoFEAP with internglgnerated p-y curves according to the criteria efde [14].

The soil parameters required to develop the p-{yaizafor the studied cases are given in Table 1.

Table 1: Soil Parameters of the Soil Used in p-y Aalysis

Properties Quantity Properties Quantity
Wet unit weight () 17.0 kN/m? Youngs modulus (B 2.5 Mpa
Cohesion (c) 10.0 kN/m Poissors ratio (1) 0.40
Internal friction angled) 7.5 degree Rankine earth pressure coefficient 1.3
Permeability coefficient 1xI0cm/sec. Interface reduction factor 1.0

Comparisons between the present analysis (PA) apdnethod for the lateral deflection (buckling) thfe

micropile are shown in Figures 5-11. Referringhte analysis and comparison, it is evident the ¥althgs:

Impact Factor (JCC): 2.6676 Index Copernicus Value (ICV): 3.0
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The two methods (PA & p-y) produce almost identalutions of micropile buckling load rati®) against its

lateral deflection ratioF).

 The two methods are approximately in close agreeraerthe deflection ratioH) < 15%. The discrepancy
between the two methods will increase as the didilecatio increases. The overall agreement otwltemethods

is quite acceptable.

e« The maximum variation in predicting the criticaldiling ratio ) obtained from the p-y method is about

15% more than that of the proposed method in chlsgaval deflection ratioR) > 15%.

» The capability of the proposed technique makesadtenuseful in practice to provide the buckling baba of

micropile fully embedded in weak soils.
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CONCLUSIONS

The effect of subgrade reactions, pile end conustiand pile length on the critical buckling loadwitropile was

analyzed. Based on the analysis results, the follpwonclusions could be drawn:

*  The critical buckling load computed from small-Engending analysisQ; ) is approximately in close to those

obtained by linear analysi®f ,) at low values of lateral buckling-€15%).
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The values and variations of the soil subgradetimascaffect the axial buckling load and the lalteieflection of
micropile. The critical buckling load ratid?] increases with the increase Kf andKy. But, R value decreases

with the increases ;.

The critical buckling loads are controlled by thgpar end condition. The changes in the bucklingl l@dio R)
for hinged upper end pile are approximately simitarthat for fixed and free upper end piles. Whitw, free

lower end pile, the increase Bfis less than that for hinged or fixed lower ends.
With the increase of micropile length, the critibaickling load ratidR) decreases and vice versa.

Comparison with documented p-y method confirms that proposed method provides reliable analysis for

critical buckling load of micropile embedded in@fogeneous soft soil layer.

From the aforementioned conclusions, it is recormtednthat the analysis is required for each speciie to
estimate the micropile buckling load. Therefore rentheoretical analysis and experimental worksnaeessary

to assess the behavior of micropile at variantsase
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