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ABSTRACT 

An experimental model is used to simulate the loss of soil lateral confinement due to excavation 

nearby an individual axially loaded pile. The effects of various parameters, such as the horizontal 

distance of excavation, depth of excavation and pile slenderness ratios are investigated. The 

experimental analysis results showed the effect of excavation is more remarkable as the 

horizontal distance of excavation becomes closer to the pile than half pile length. The effect of 

excavation diminishes gradually as the horizontal distance increases beyond that distance for all 

the investigated pile slenderness ratios and depths of excavation. The pile head deflection, 

settlement and bending moments along pile increase with decreasing horizontal distance between 

excavation face and adjacent axially loaded pile of various depths of excavation and pile 

slenderness ratios. The location of maximum bending moment is positioned between 1/4 and 1/2 

of pile length for all horizontal distance of excavation, depth of excavation and slenderness 

ratios. The bending moment profiles indicate a (single curvature) for medium flexible piles and 

(double curvature) for very flexible piles for different horizontal distance between excavation 

face and adjacent axially loaded pile and various depths of excavation. In addition the theoretical 

approach of wood, 2004 showed good agreement especially for very flexible pile (slenderness 

ratio ˃45).  
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للحفرٌاث غٍر المسنذة مع مراعاة تاثٍرها على ركٍزة عمودٌت محملت رأسٍا مجاورة مختبريالتحلٍل ال  

 
 د. علاء ناصر الجورانً غصون صادق القٍسً

 اسرار يذسس يساعذ

 خايعح تغذاد -كهٍح انُٓذسح اندايعح انرمٍُح انٕسطى – /تغذاديعٓذ ذكُهٕخٍا

 الخلاصت

انحفشٌاخ غٍشانًسُذج َمصاٌ انضغظ انداَثً نهرشتح انُاشًء عٍ فً ْزِ انذساسح ذى اسرخذاو انًٕدٌم انعًهً انًصغشنًُزخح 

ذى انرحشي عٍ ذاثٍشعذج يعايلاخ يثم انًسافح الافمٍح نهحفش , عًك انحفش َٔسثح  .انًدأسج نًُٕرج سكٍزج يفشدج يحًهح سأسٍا

 عُذيا خذٌشتانًلاحظح ذاثٍش نهحفشٌاخ انعًهٍح اٌ انرحهٍم نهُرائح أثثد نمذ ثح انُحافح نهشكٍزج(.انطٕل انى انمطش انًكافًء ) َس

 ذزداد عُذيا ذذسٌدٍا انحفشٌاخ ذاثٍش انشكٍزج , ٌرلاشى طٕل َصف يٍ ٔذسأي ألم انشكٍزج يٍ لشٌثح انحفش يسافح ذصثح

 نشأس ٔانٓثٕط الاَحشاف اٌ. انحفش اعًاق ٔنكم نهشكٍزجانُحافح  َسة نكم انشكٍزج طٕل َصف يٍ اكثش الافمٍح انًسافح

ٔانشكٍزج انعًٕدٌح انًحًهح سأسٍا نكم  َمصاٌ انًسافح الافمٍح نهحفش يع ذزداد عزٔو الاَحُاء عهى طٕل انشكٍزجٔ انشكٍزج

اٌ يٕلع اكثش عزٔو اَحُاء ٌمع تٍٍ ستع َٔصف طٕل انشكٍزج نكم انًسافاخ الافمٍح  .انُحافح نهشكٍزج َسة ٔنكم اعًاق انحفش

 انًرٕسطح نهشكائز  انرحذب احادي ٌكٌٕ الاَحُاءاٌ شكم يُحً انعزٔو  .انُحافح نهشكٍزج َسة ٔنكماعًاق انحفش , نهحفش 

.  الاعًاق نًخرهف ٔكزنك انحفش ٔٔخّ انشكٍزج تٍٍ الافمٍح انًسافاخ نًخرهف خذا انًشَح نهشكائز انرحذب يزدٔج تًٍُا انًشَٔح

)َسثح انطٕل /انمطش انًكافًء اظٓشخ انُرائح انُظشٌح ذٕافك يع انُرائح انعًهٍح ٔخاصح نهشكائز انًشَح خذا  اضافح انى رنك

 (.54اكثش يٍ 
 ء , الهبوط , عزوم الانحنا لضغط الجانبي: ركيزة عمودية محملة رأسيا , ا الكلمات الرئيسية
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1. INTRODUCTION 

In dense civilian area where landscapes of structures are nearly distance, deep excavation for 

underground constructions is necessary. Axially loaded piles in present structures are essentially 

exposed to horizontal soil movement causes by excavation , Finno, et al.,1991and 2005 and 

Leung et al., 2000 and 2003, pile supporting bridge or pile nearby embankment 

Springman,1989; Ellis and Springman, 2001 and Goh et al., 2005. That soil movement 

induces lateral loading on nearby pile foundations, causes additional bending moment and 

deflection on the piles. Horizontal soil movement generally has an adverse effect on the behavior 

of axially loaded piles. 

The centrifuge model for passive piles nearby unsupported excavation was carried out by Leung, 

et al., 2000, Leung, et al., 2003, and  Ong, et al., 2004, 2006 and 2009. Centrifuge modeling 

technique is considered a good alternative way to study the problem as the tests can be adopted 

under an organized condition such that the soil strength profile, soil deformation and elapsed 

time can be measured with accuracy and converted to prototype scale. The results showed that 

the bending moment increased with increasing depth of excavation initially. Then the bending 

moment decreased with increasing depth and time. The difference between soil movement and 

head deflection is relatively low at depth of excavation less than 0.60m. Then the difference 

increased significantly with increasing depth of excavation and highly soil movement were 

detected closely ground surface. 

Chiang, and Lee, 2007, studied the response of individual piles under different design loads 

adjacent to tunneling by centrifuge model experiments. The tunnel permanence in saturated sand 

was observed. Two instrumented piles of depths 27 m were situated of each side with various 

cover-to-diameter ratios and different distances from tunnels. The bending moments and axial 

forces were measured at various depths during tunneling. The results showed that the unit skin 

frictions rapidly decreased with increasing the tunneling operation for the shallow tunneling near 

a long pile and substantial decay of the end bearing capacity that causes large settlement of the 

pile if the pile base is close to the tunnel. The depth ratio was observed to be an important effect 

on the bending moment variation along the piles, but both the working loads and depth ratio 

identify axial load response and the settlement of pile.  

Guo, 2010 and Ghee, 2009 established a new experimental apparatus comprises from a box, and 

a loading system that allows various horizontal soil movements shapes (rectangular, triangular 

and arc) and with application of vertical load simultaneously on piles/pile groups. The sand used 

with relative density of 89%. The tests results for single pile noticed that the bending moment 

increased with decreasing distance from boundary as the reduction of soil pressure. In addition, 

the maximum bending moment (Mmax) increased with increasing the pile diameter while the 

maximum pile deflection (at the sand surface) reduced as the pile diameter increased. Results of 

pile groups showed that an increase in bending moment, shear force and soil reaction in front 

pile than rear pile, but a decrease in the deflection due to axial load increases as the axial load 

increases from 0 to 588 N on the pile cap of pile groups. The deflection profile for test with no 

load indicates that piles mainly translate with slight rotation; while in test with axial load, the 

piles translate and rotate. In comparison the results of pile group with single free-head piles, 

maximum bending moment and shear force decrease of 30-60% and 40-60% respectively for the 

piles in groups. 

Lee, et al., 2013 carried out large scale model to study the effect of combined load on pile 

behavior. The model consisted mainly from cylindrical steel tank and instrumented model pile 

with outer diameter 30 mm and length 1200 mm instrument with 18 uniaxial strain gages with 

resistance of 350 Ω distributed along length. Models piles are prepared in fine clean poorly 
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graded sand at loose, medium and dense relative densities. The results examined that the 

combined load test effects exhibit that the presence of an axial load on a driven pile is negative 

to its lateral capacity and significantly increased in lateral deflection with increasing axial load. 

The bending moment at the head of pile increased with increasing soil relative density of the 

model pile head in the existence of axial loads. Consequently, the effect of axial loads should be 

measured in the design of laterally loaded piles in sand (particularly in the dense sand). 

Muthukkumaran, and Begum, 2015. adopted the experimental model to examine the influence 

of slope on laterally loaded pile capacity, the study is performed on horizontal surface and two 

slopes (1V:2H) and (1V:1.5H), loose to medium density and various length to diameter ratio of 

piles that behave as flexible pile for all L/deq ratios. The results observed that the lateral 

resistance increased with increasing soil-pile stiffness but the capacity of lateral load reduced 

when the slop surface varies from horizontal surface to slope surface and the effect was reduced 

with increasing relative density and L/d ratio. In addition, the capacity of lateral load was 

increased with increasing relative density, soil depth and pile embedment length but the steeper 

slope was less affected. Also when the lateral load increased, the bending moment and fixity 

depth increased, while the increasing of relative density results in reducing fixity depth. 

Most of above previous research focused on the work on pile foundations subjected to soil 

movement due to braced excavation, but the pile response under vertical load nearby 

unsupported excavation can be significantly different. Therefore, in this study an attempt is made 

to investigate and measured the effect of unsupported excavation on adjacent axially loaded pile 

throughout experimental model. In addition one of theoretical approach (wood, 2004) is adopted 

to verify behavior of single axially loaded under the same condition of experimental model.       

 

2. MODEL BOX AND LOADING SYSTEM  

Fig.1 shows the image of box model that made of steel plate with thickness (4 mm) with internal 

box dimensions measures 0.80 m as length (WM), 0.40m as width (BM) and 0.80 m as depth 

(HM). That are composed of eight steel - U shaped parts with width 0.10 m for each one that are 

connected through a number of screws. The front face of mold consists of the of 8 steel moving 

laminar parts. 

 

3. MEASURING SYSTEM 

3.1 Data Logger  

Data Logger is a sophisticated data acquisition unit that provide link between computer and the 

transducers connected to test equipment that is strain gauges, load cell and LVDT.  

3.2 Linear Variable Differential Transformer (LVDT)  

Linear Variable Differential Transformer LVDT is an energy converter that alters a linear 

movement or location from a mechanical reference (or zero) into a relative electrical signal 

comprising phase (for direction) and amplitude information (for distance).  

 

 

3.3 Strain Gauge  

Metal foil Rosette strain gauge with resistance 120 OHMS, gauge factor G.F. 2.15, size 3 mm 

and 3 m Lead are used. The Rosette strain gauge consists of two located perpendicular strain 

gauge with respect to each other jointly in same carriers as shown in Fig.2. 
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4. THE INSTREMENTED MODEL PILE  

Aluminum bars with rectangular cross section with constant thickness (3 mm) are used as model 

piles. Different length to equivalent diameter was design to simulate the problem. The model pile 

was instrumented with four pairs of Rosette strain gauges were each pair glued at opposite 

largest faces in same location at intervals of L/4, L/2, 7L/8 with bending connection. In addition 

At interval approximately 7L/8 other pair was existed to measure axial compression or tension 

connection with full bridge circuit for all pairs. See Fig.3. 

 

5. SOIL PROPERTIES AND MODEL BOX PREPARATION    

The selected sample classified as silty sand with trace of clay according to USCS classification. 

The friction angle of the soil is determined to be 36° and the constrained modulus is measured to 

be 5.0-7.0 Mpa. Table1 summarizes the main physical properties of the selected soil.   

The preparation process is carried out of soil for testing with different length of model box (WM).  

The length of mode box is depended on the horizontal distance of excavation from face of 

excavation to axially loaded pile at specified length.  

The model pile is tested under applied axial working load that obtained after examining different 

criteria such as; Ahmed, 1997, Brinch, 1963, Butler, and Hoy, 1977, Chin, 1970 Davisson, 

1970 and 1972, De Beer, 1967, Decourt,1999, Fuller, and Hoy, 1970. By numerical analysis 

using different methods of pile load test are tabulated in Table 2.  

6. PILE RELATIVE FLEXIBILITY  

At the beginning, the pile response is defined as short rigid or infinitely long elastic pile 

throughout calculating the stiffness factors R and T. Those factors that combine the effect of soil 

and pile properties are not constant for any soil and depend on pile diameter and depth. The soil 

modules k is related to Terzaghi's concept of modules of horizontal subgrade reaction. In case 

of cohesion less soil the soil modules is function of relative density and increase linearly with 

depth, the stiffness factor for cohesion less soil calculated from following equations: 

                      √
  

  

 

                                                                                               

Where: 

E: Modules of elasticity of model pile which calculated and results are displayed in chapter three 

in unit of F/L
2
. 

I: Moment of inertia about the weak axis towards the excavation (Imin = bh
3
/12) for rectangular 

cross section of model pile in unit of L
4
 

nh: parameter to define the variation of Ks with depth in unit of F/L
3
 . 

Fig. 4 presents nh variation as function of relative density that are suggested by Terzaghi and 

Reese et al.,  The nh value suggested by Reese et al is significantly higher than Terzaghi 

therefore the average value of  nh between two approach is considered in this study nh is equal 

7.5 MN/m
3
 for relative density about 50% at medium dense state for soil sample prepared in 

model tests. The criteria for pile behavior as short rigid or long flexible are tabulated in Table 3, 

Tomlinson,  1994. Table 4 displays the calculated stiffness factor T and thus determines the 

criteria for pile behavior. It is obviously seen all model piles behave as flexible element. 

Furthermore, other flexibility criteria to describe pile behavior basing on rigidity factor (KR = 

Ep.Ip/EsL
4
) ,Poulos,  and Davis, 1980, where:  
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KR < 10e-1 (Rigid pile. 

KR < 10e-3 (Med flexible pile) 

KR < 10e-5 (Very flexible pile) 

Table 5 shows the determination of rigidity factor KR , all model piles of different length and 

cross section are behavior range between medium flexible pile to very flexible pile. 

 

7. TESTS RESULTS 

The calculated bending moment is normalized with respect to coefficient of passive earth 

pressure Kp, total unit weight of soil γ and pile moment of inertia I. Additionally the measured 

pile deflection Ux and pile settlement Uy were normalized with respect to equivalent pile 

diameter of same recognized pile. The results of three model piles are displayed for L/deq 20, 53 

and 97. The closest horizontal distance of excavation equals L/4, L/8 and L/12 for L/deq ratios 

20, 53 and 97 respectively. 

Fig. 5 shows the variation of pile head deflection Ux/deq with excavation horizontal distance to 

pile length LEX/L for model piles of L/deq ratios 20, 53 and 97 respectively. Each figure 

includes two profiles of variation the normalized pile head deflection for depth of excavation L/2 

and L. It appears that the increases in magnitude of pile head deflection Ux/deq is being about 

200% as compared to previous stage especially for horizontal distance of excavation less than 

L/2.The pile head deflection is decreased by approximately 70% as the excavation horizontal 

distance increases from closest distance to L/2 horizontal distance and decreases by 

approximately 85% as the excavation horizontal distance increased from closest to L horizontal 

distance.   

Fig.6 shows the variation of pile head settlement profile Uy/deq with excavation horizontal 

distance to pile length LEX/L for model piles of L/deq ratios 20, 53 and 97 respectively. Each 

figure includes two profiles of variation the normalized pile head deflection for depth of 

excavation L/2 and L. The pile head settlement is decreased by approximately 20-40% as the 

excavation horizontal distance increases from closest horizontal distance to L/2 horizontal 

distance and decreases by approximately 50% as the excavation horizontal distance increases 

from closest horizontal distance to L/2 horizontal distance. 

Figs.7 to 9 show the variation of bending moment profile with excavation horizontal distance to 

pile length LEX/L and depth of excavation for model piles of L/deq ratios 20, 53 and 97 

respectively. In general the bending moments decrease with increasing horizontal distance of 

excavation for different depth of excavation and L/deq ratios. For medium flexible pile the 

bending moments decrease from negative value to slightly positive (reverse the excavation) with 

increasing horizontal distance of excavation especially as horizontal distance of excavation more 

than half pile length LEX ≥ L/2 and depth of excavation less than half pile length HEX≤ L/2. The 

maximum bending moment increases by about 70 % along pile length as the horizontal distance 

of excavation gets closer than (L/2) to the closest possible horizontal distance for all examined 

excavation depths. The largest variation of the maximum bending moment with horizontal 

excavation distance at L/4 and L/2 but little effect observes near pile base. 

In this paper, the theoretical work of Wood, 2004, is adopted in addition to experimental models 

to verify behavior of single axially loaded pile exposed to lateral soil movement due to adjacent 

excavation. Wood, 2004, solved the differential equation of pile deformation and presented 

design charts to estimate bending moment and deflection along model pile. Fig. 10 presents the 
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normalized bending moment profiles that predicted from experimental model of different L/deq 

ratios. In addition the points of theoretical normalized bending moment are represented on same 

figures that evaluated referring to Wood, 2004. The measured and predicted responses of the 

model piles are in good agreement for very flexible pile (L/deq ˃ 45) but less agreement notices 

for medium flexible pile (L/deq ˂ 45).  

 

8. CONCLUSIONS 

1. The pile head deflection increases with decreasing horizontal distance between 

excavation face and adjacent axially loaded pile of various depths of excavation and lengths to 

cross section ratios (L/deq). 

2. The pile downward settlement increases with decreasing horizontal distance between 

excavation face and adjacent axially loaded pile for various L/deq ratios and depth of excavation. 

It is attributed to decrease the confining pressure, passive resistance and density of particles 

distribution of soil below and surrounding model pile. 

3. Insignificant effect of excavation at horizontal distance more than half pile length 

LEX≥L/2for all L/deq ratios. 

4. The horizontal distance of adjacent excavation is noticeably affected on bending 

moments along the pile. It can be noticed that maximum bending moment increases with 

decreasing horizontal distance between excavation face and adjacent axially loaded pile for 

various depths of excavation and lengths to cross section ratio of L/deq. This finding may 

attributed to the soil lateral movement resulting due to the excavation. 

5. The location of maximum bending moment is positioned between L/4 and L/2 of pile 

length for all horizontal distance of excavation, depth of excavation and L/deq ratios. 

6. The bending moment profiles are showed (single curvature) for medium flexible piles 

and (double curvature) for very flexible piles of different horizontal distance between excavation 

face and adjacent axially loaded pile and various depths of excavation. 
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NOMENCLATURE 

BM: width of model box 

LVDT: linear variable differential transformer  

HM: depth of model box 

WM: length of model box 

G.F.: gauge factor 

L: length of model pile. 

Ux: pile head deflection 

Uy: pile head settlement 

deq: equivalent pile diameter  

T: stiffness factor 

E: modules of elasticity of model pile  

I: moment of inertia  

nh: parameter to define the variation of Ks with depth. 

β : parameter for soil-pile interaction. 
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WM=0.80 m 

HM=0.80 m Eight U shaped 
parts with 0.10 m 

width for each one  

Loading 
system 
Frame 

Figure 1.  Image of experimental model 

box with detailed dimension.  

 

Figure 2.Rosette strain gauge used in 

experimental work. 

 

Figure 3. Instrumented model pile with 

four pairs of Rosette strain gauges.  
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Figure 4. Relationship between coefficient of modulus variation and relative density of 

sands,Tomlinson, M.J. 1994. 

   

Figure 5. The Variation of pile head deflection of model piles of L/deq 20, 53 and 97 

with various horizontal distance of excavation (a) Excavation depth HEX=L/2, (b) 

Excavation depth HEX=L.   

(a) (b) 



Journal of Engineering Volume   22  June  2016 Number 6 
 

 

27 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 
 
 

 
 
 
 

   

Figure 6. The Variation of pile settlement of L/deq 20,53 and 97 with various horizontal 

distance of excavation of (a) Excavation depth HEX=L/2, (b) Excavation depth HEX=L 

  

 

Figure 7. The effect of horizontal excavation distance for each excavation depth of L/deq=20 (a) 

HEX= L/2 : (b) HEX= L : (c) HEX=3L/2  : (d) HEX= L/2.   

a b c d 

(a) (b) 



Journal of Engineering Volume   22  June  2016 Number 6 
 

 

28 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 8. The effect of horizontal excavation distance for each excavation depth of L/deq=53 (a) 

HEX= L/4 : (b) HEX= L/2 : (c) HEX=3L/4  : (d) HEX= 3L/2.   

 

Figure 9. The effect of horizontal excavation distance for each excavation depth of L/deq=97 (a) 

HEX= L/3 : (b) HEX= 2L/3 : (c) HEX=L  : (d) HEX= 4L/3.   

a b c d 

a b c d 
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Figure 10  Comparisons of theoretical normalized bending moment from ,Wood, 2004, 

with experimental results of different L/deq of model pile 

L/deq=97 L/deq=79 

L/deq=65 L/deq=61 
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Table1. Material properties of selected soil.  

Test Name Standard Soil Property Value 

Specific Gravity (ASTM D-854) Specific Gravity, Gs 2.67 

Water Content (ASTM D-2216) Natural Water Content, ωc % 8-10 

Grain Size Analysis 

 Sieve Analysis 

 Hydrometer Analysis 

(ASTM D-422) 

D10,mm  0.07 

D30,mm 0.18 

D60,mm 0.23 

Coefficient of Uniformity, Cu 3.286 

Coefficient of Curvature ,Cc 2.012 

Clay % 

 
3.02 

Silt % 

 
6.10 

Coarse to Medium Sand % 

 
14.85 

Fine Sand % 

 
74.45 

Gravel % 
 

1.58 

Unified Classification System 

( USCS) 
SP-SM 

Amount of Material finer 

about No.200 (75-µm) 
(ASTM D-1140) 

Amount of Material finer about 

No.200 (75-µm)% 
14.60 

Maximum Index  Unit 

Weight  
(ASTM D-4253) 

Maximum Dry Unit Weight γmax 

gm/cm
3

. 
1.672 

Minimum Index  Unit 

Weight  
(ASTM D-4254) 

Minimum Dry Unit Weight γmin 

gm/cm
3
 

1.367 

Relative Density 

Calculation 

ASTM D-4254 

& 

ASTM D-4253 

Relative Density, RD % 

48-55 

Med. 

Dense 

Organic Matter  
BS 1377:1990 

Part 3 
Percent of Organic matter % 4.07 

 

 

 

 

Table 2. Working load values of different pile length and equivalent diameter. 

Pile Length 

mm 

Equivalent 

Diameter 

(mm) 

L/deq 
Working Load 

KN 

200 9.775 20 0.220 

400 7.571 53 0.180 

600 6.182 97 0.250 
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Table 3. The criteria of pile behavior, Tomlinson, M.J. 1994. 

Pile Type  Soil Modules 

Rigid ( Free Head )       

Elastic ( Free Head )      

 

 

Table 4. Model piles flexibility basis on stiffness factor T. 

Embedment 

Depth(m) 
L/deq 

Width 

(m) 
Ip (min) 

Ep.Ip 

(MN.m
2
) 

T 4T 2T 
Pile 

Criteria 

0.185 20 25.00 5.625E-11 4.22E-06 0.056 0.225 0.112       

Elastic 0.385 53 15.00 3.375E-11 2.53E-06 0.051 0.203 0.102 

0.585 97 10.00 2.25E-11 1.69E-06 0.047 0.187 0.094 

 

 

Table 5. Model piles flexibility basis on rigidity factor KR. 

Pile 

Length 

mm 

Pile 

Cross 

Area 

mm2 

Equivalent 

Diameter 

mm 

L/deq 
I min 

m
4
 

KR 

Ep.Ip/EsL
4
 

 

Relative 

Pile 

Flexibility 

200 75 9.775 20 5.625E-11 2.25E-03 
Med. 

Flexible 

Pile 

400 30 6.182 65 2.250E-11 4.27E-05 
Very 

Flexible Pile 

600 30 6.182 97 2.250E-11 7.72E-06 
Very 

Flexible 

Pile 
 

 
 
 
 
 
 
 
 
 
 
 
 
 


