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Abstract 9 

Pile caps are rigid reinforced concrete structures that transfer column loads, generally consisting of a 10 

combination of an axial load and bending moments in one or two directions, to the piles. The design 11 

formulations of pile caps for more than two piles were derived from the results of experimental tests under a 12 

centered load. The practice of checking both punching and shear failure modes is common as described in 13 

the literature review, even thoughdespite these formulations were developed for more slender elements. 14 

Currently, Codes ACI 318-14 and EC2 allow designing pile caps with strut-and-tie models or sectional 15 

approaches (shear, punching and flexural designs). 16 

In this study, 21 full-scale pile caps with different shear span-depth ratios and reinforcement layouts 17 

were studied to investigate the effect of eccentric loading on the strength and accuracy of the code 18 

formulations. The results show that in eccentrically loaded pile caps, the ultimate load is reduced but the 19 

maximum pile reaction increases and the secondary reinforcement proves effective to enhance the pile cap 20 

strength.          21 

Although the strut-and-tie models (STM) allow eccentric loads to be taken into consideration, they 22 

predict a much lower peak load than that observed at the experimental results and do not adequately reflect 23 

either the influence of slenderness or the failure mode.  24 

In general the sectional approach provided by Codes ACI-318-14, EC2 and MC-2010 (Level I of 25 

Approximation) lead to safe predictions of the peak load but do not always correctly predict the failure 26 

mode. The ultimate load predicted by EC-2 formulation comes closest to the experimental peak load, 27 

accurately reflects the influence of slenderness and the effect of secondary reinforcement, however, 28 

additional assumptions need to be made for its application. The ACI formulation complemented by the CRSI-29 
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2008 Special Investigation for deep pile caps is the safest but does not adequately capture the effect of 30 

horizontal and vertical secondary reinforcement. The MC2010 LoAI formulation is also conservative but 31 

does not detect the influence of slenderness or the contribution of secondary reinforcement.                32 

 33 

Notation 34 

Latin upper case 35 

As reinforcement area (generic) 
AsB main bunched reinforcement area 
AsH horizontal secondary reinforcement area 
AsV vertical secondary reinforcement area 
Asw punching shear reinforcement area 
Es modulus of elasticity of flexural and shear reinforcement 
Jc property of assumed critical section analogous to polar moment of inertia 
Mx bending moment around x-axis 
My bending moment around y-axis 
N axial force acting on column 
Ri pile reaction (generic) 
Ru,e experimental failure load on pile 
Ry,B experimental yielding load of bunched reinforcement on pile 
Ry,V experimental yielding load of stirrups on pile 
VEd punching shear force 
Vflex flexural strength 
Vmin minimum resistance predicted by the codes 
Vobs resistance predicted by the codes according to the observed mode of failure 
VRd,c punching shear resistance of concrete 
VRd,cs punching shear resistance provided by stirrups 
VRd,cs punching shear resistance of concrete and stirrups 
VSTM ultimate load predicted by STM 
Vu,e experimental failure load on column 
Vy,e experimental yielding load on column 
W1 property of assumed critical section analogous to plastic section modulus 

 36 

Latin lower case 37 

av clear span; distance between column and pile edges 
b effective breadth for shear 
bu diameter of a circle with the same surface as the region inside the basic control perimeter 
c column diameter/side 
cAB length of the side of the equivalent rectangular control section, parallel to the bending axis 
c1 long side of the column 
c2 short side of the column 
d effective depth 
dg maximum size of aggregate 

Con formato: Color de fuente: Rojo
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dv effective depth considering support penetration 
e pile spacing 
eu eccentricity of the resultant shear forces 
ex eccentricity from x-axis 
ey eccentricity from y-axis 
fbd design bond strength 
fc cylinder compressive strength of concrete 
fce effective concrete compressive strength of struts 
fck characteristic value of compressive strength of concrete 
fct axial tensile strength of concrete 
fu ultimate strength of reinforcing steel in tension 
fy yield strength of reinforcing steel in tension 
fyd design yield strength of reinforcing steel in tension 
fywd design yield strength of the shear reinforcement 
h pile cap depth 
k factor that takes into account the size effect 
n number of piles 
rs position where the radial bending moment is zero with respect to the support axis 
u0 perimeter of the bearing area 
u1 basic control perimeter 
u2 shear-resisting control perimeter 
uz vertical displacement at peak load 
w shear span; distance between column edge and pile centre 
weff effective width for the shear enhancement factor 
z level arm 

 38 

Greek lower case 39 

β coefficient of eccentricity 
γc partial safety factor for concrete material properties 
γs partial safety factor for the material properties of reinforcing steel 
γV factor used to determine the fraction of bending moment transferred by eccentricity of shear at 

slab-column connections 
εx mid-depth strain in control section 
η factor defining the effective strength of concrete in a rectangular stress distribution 
θb inclination of the compressive stress field (struts) 
λ modification factor to account for the properties of lightweight concrete 
λ1 factor defining the height of the compression zone in a rectangular stress distribution 
νEd Mean punching stress 
νperp,d,max maximum shear force per unit length perpendicular to the basic control perimeter  
νRd,c stress corresponding to nominal punching strength provided by concrete 
νRd,c* stress corresponding to enhanced punching strength provided by concrete 
νRd,max maximum punching shear resistance of concrete 
ρl ratio of longitudinal tension reinforcement 
σswd stress activated in the shear reinforcement 
φ diameter of steel reinforcement 
ϕ pile diameter 
χ enhancement factor of concrete strength 
ψ slab rotation 

40 
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1. Introduction 41 

Many building and bridge columns are founded on piles. Pile caps are rigid reinforced concrete 42 

structures that transfer column loads to the piles. Although these loads usually consist of a combination of an 43 

axial force and bending moments in one or two directions (Fig.1Fig. 1), all the experimental studies carried 44 

out to date that analysed pile cap behaviour have only considered centered loads.  The first studies on these 45 

structural elements  (Blévot y& Fremy[1], Clarke [2], Sabnis and Gogate[3], Adebar[4]) set the standards for 46 

the design of pile caps based on strut-and-tie models (STM). Later studies (Suzuki et al [5–8], Bloodworth et 47 

al. [9], Gonsalves et. al [10], Delalibera and Giongo[11], Gu et al. [12]) experimentally analysed the influence 48 

of different design variables on pile cap behaviour. As some studies described brittle fracture due to 49 

punching shear, some authors (Adebar and Zhou [13] and (recently) Guo [14]) proposed methods based on 50 

checking the stresses in the bearing areas to limit the resistance of the pile caps due to this type of failure, 51 

while, Miguel-Tórtola et al. [15] recommended limiting punching stresses to avoid this problem on the basis 52 

of their own experimental studies on pile caps with three piles and a centered load.  The first STM-based 53 

calculation method for pile caps under eccentric loads was proposed by Souza [16] but due to the lack of 54 

experimental studies on eccentric loads, the proposed model was verified by a non-linear FE analysis. 55 

Another approach used in recent studies, such as those by Jensen & Hoang [17]and Simões et al. [18],  56 

was to identify the failure mode from a kinematic formulation based on the Upper Bound Theorem of 57 

Plasticity.    58 

Currently, Codes ACI 318-14 [19]and EC-2 (EN 1992-1-1) [20]allow pile caps to be designed by STM or 59 

by sectional approximations, applying the bending, shear and punching plate verifications. Both approaches 60 

require multiple hypotheses for their extension to these massive elements with markedly three-dimensional 61 

behaviour.  Some design guides [21–23] offer recommendations for checking pile caps by STMs [24–26] or 62 

by the sectional methods of EC-2 or ACI 318-14, although no experimental validation has been carried out 63 

with an eccentric load on the column. 64 

On the other hand, there is no agreement among the design codes about reinforcement 65 

recommendations for pile caps (Eurocode 2[20], EHE-08[], BS 5400-4:1990 y NBR 6118:2014[]. These codes 66 

differ in the bunched and distributed reinforcement ratios and the necessity of arranging stirrups tying the 67 

Con formato: Resaltar
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bunched bars. Vertical reinforcement was recommended by Leonhardt [] to sew the observed horizontal 68 

crack due to the vertical tension force that may arise between piles when they are separated more than 69 

three diameters. 70 

 71 

Fig.1 a) Pile foundation of a bridge subjected to generic load; b) STM for centered load 72 

2. Objectives 73 

The main objective of this work was to experimentally check if the code formulations for pile caps, 74 

based on centered load tests, might be extrapolated to pile caps subjected to eccentric load. This work seeks 75 

also to study the sensitivity of formulations against the increase of the strength  due to the addition of the 76 

distributed reinforcement required by crack control and the vertical stirrups provided to increase shear-77 

punching resistance. To achieve this goal, 21 four-pile caps with different shear span-depth ratios (w/d, see 78 

The main objective of this work was to analyse the effect of eccentric loads (uniaxial and biaxial bending) 79 

from the experimental results obtained from 21 pile caps with four piles at different shear span-depth ratios 80 

(w/d, see Fig.2Fig. 2aa  for definition of w) and reinforcement layouts are tested with centered and eccentric 81 

loadings. STM and sectional approaches provided by EC-2, ACI 318-14 and Model Code 2010 are 82 

analysed.and reinforcement configurations. The STM were compared with the sectional methods provided 83 
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by EC-2, ACI 318-14 and Model Code 2010 [27] for pile cap design, including the case of eccentric loads on 84 

the column. 85 

3. Code provisions for pile caps 86 

3.1. Strut and tie models 87 

Pile caps can be considered as discontinuity (D) regions due to the proximity of the applied load to the 88 

reactions of the piles. In the definition of the STM (e.g. Fig.1Fig. 1b), the location of the upper multi-89 

compressed node (z) is a determining factor. Its position affects the strut inclination and hence the tie forces. 90 

Although the maximum stresses of concrete in struts and nodal regions hasneed to be verified, the codes do 91 

not give specific recommendations for the three-dimensional case. Section13.4.2.4 of ACI 318-14 indicates 92 

that the effective compressive strength of the struts (fce) should be restricted to 0.85βsfc,, with βs=0.6λ for 93 

bottle-shaped struts and λ=1 in the case of normal weight concrete. A review of the existing proposals for 94 

extending STMs to foundations under eccentric loads is carried out as follows.  95 

Souza et al. [16], fib bulletin 61 [24], ACHE M6 monograph [25] and ACI Special Publication 273 [26] 96 

provide recommendations for the location of the upper multi-compressed node (z) between 0.9d and d. The 97 

verification of the stresses in concrete is different among the proposals: ACI SP273 [26] and Souza et al. [16] 98 

limit the maximum stress in concrete of column section to 0.85fc and 1.0fc respectively, fib Bulletin 61 [24] 99 

verifies the stresses in a two-dimensionalplanetwo-dimensional CCC nodal zonenode projecting the forces of 100 

the struts on the symmetry plane, and ACHE M6 monograph [25] only checks the lower nodal regions 101 

assuming that the struts have an elliptic section and the stress is limited to 0.70fc. 102 

 103 

Souza et al. [16] locate the multi-compressed node on the upper surface of the pile cap (z=1.0d). These 104 

authors propose avoiding the splitting of the struts by limiting the maximum stress in the concrete of the 105 

column section to 1.0fc. This proposal [16] only applies to small eccentricity values as it does not consider 106 

the possible transmission of tensile forces from the column.        107 
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The  fib Bulletin 61 [24] includes two examples of STM for axially loaded footings subjected to uniaxial 108 

and biaxial bending. The definition of the height of the upper node is fixed at around z=0.90d from the 109 

reinforcement plane. Verifying the stresses in this nodal region is simplified in the uniaxial bending case by 110 

projecting the forces of the struts on the symmetry plane and carrying out the usual check of the two-111 

dimensional CCC node. However, this analogy is not valid for biaxial bending.         112 

The ACHE M6 monograph [25] gives an example of the STM for a pile cap with six piles and combined 113 

axial and bending loads. As in Souza et al. [16], it locates the  upper node at z=1.0d, and points out that the 114 

multi-compressive node does not need any special check. The lower nodal regions are verified assuming that 115 

the struts have an elliptic section and the stress is limited to 0.70fc. 116 

ACI Special Publication 273 [26] provides an example of a four-pile cap subjected to a more eccentric 117 

load than the previous cases. The upper node is located at around z=0.90d. Verification of the nodal regions 118 

consists of restricting the compressive stresses in the bearing areas to 0.85fc.  119 

All these proposals involve conservative hypotheses on the location of the upper node (z) and offer 120 

simplified criteria to verify the stresses in the concrete. According to Miguel-Tortola et al. [15], for three-pile 121 

caps under centered load, the obtained STM provide safe designs since they are based on the Lower Bound 122 

Theorem of Plasticity, but they become excessively conservative and do not detect the increased resistance 123 

increase when slenderness decreases or when vertical secondary reinforcement is added. 124 

3.2. Sectional approach: flexure, shear and punching  125 

EC-2 and ACI 318-14 allow for the design of pile caps by sectional methods, including flexure, shear and 126 

punching capacities. 127 

3.2.1. Flexure 128 

Both codes allow verification of the pile cap flexural capacity in a vertical plane located on the edge of 129 

the column and extended to the whole width of the pile cap (section (1) inat Fig.2Fig. 2a). Furthermore, CSRI 130 

[23] recommends a control section for bending (section (2) atin Fig.2Fig. 2a) at c/4 from the column centre 131 

line, while EC-2 limits the design moment to a maximum value of 0.65 times the moment at the support axis 132 
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(section (0) atin Fig.2Fig. 2a) in the case of slabs monolithic slabs with supports. To obtain the flexural 133 

strength (Vflex), the simplified rectangular stress distribution of concrete described by the factors η and λ1 134 

can be used (Table 1Table 1and Fig.2Fig. 2b). 135 

 136 

Fig.2 Flexural strength of pile caps: a) Location of control sections for bending; b) Rectangular stress distribution along the pile cap 137 
section 138 

 139 

Table 1 Parameters defining the rectangular stress distribution of concrete 140 

η λ1  

EC-2, MC-2010 
1 0.8 for fck ≤ 50MPa 

1-(fck -50)/200 0.8-(fck -50)/400 for 50 <fck ≤ 50MPa 
ACI 318-14 

0.85 0.85 for 17 <fc ≤ 28MPa 
 0.85-0.05·(fc -28)/7 for 28 <fc ≤ 55MPa 
 0.65 for fc ≥ 55MPa 

λ1: factor defining the height of the compression zone;  
η: factor defining the effective strength; fck: characteristic value of 
compressive strength of concrete; fc: cylinder compressive 
strength of concrete 

 141 
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3.2.2.  Shear and punching 142 

Verifying the punching shear strength of deep pile caps generally requires making assumptions in order 143 

to apply the formulations contained in the main concrete design standards. Both EC-2 and ACI 318-14 have 144 

design guides [21–23]that deal with this particular case by combining different failure modes and 145 

considering the enhanced strength of some sections due to the short distance between loads and supports. 146 

The principal parameters for verifying punching shear resistance of eccentrically loaded pile caps according 147 

to those proposed in EC-2, ACI 318-14 and MC-2010 are reviewed below. 148 

3.2.2.1.  EC-2 149 

The punching and shear control sections defined in EC-2 are located at 2d and d respectively from the 150 

edge of the point loaded area or supportpile section, but the short distance between load and supports piles, 151 

rigid pile caps requiresneeds relocated control sections, as proposed in the referenced design guides [21,22]. 152 

According to these design guides, up to five control sections associated with the different failure modes can 153 

be defined in four-pile caps (Fig.3Fig. 3a). It should also be verified that the value of νRd,max is not exceeded 154 

(refer to Eq.(1)(1)) at the column and pile perimeters. 155 

𝜈𝜈𝑅𝑅𝑅𝑅,𝑚𝑚𝑚𝑚𝑚𝑚 = 0.5𝜈𝜈
𝑓𝑓𝑐𝑐𝑐𝑐

𝛾𝛾𝑐𝑐
,   𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒  𝜈𝜈 = 0.6 �1 −

𝑓𝑓𝑐𝑐𝑐𝑐

250
� (1) 

 156 

Fig.3 Control sections associated with different punching shear failure modes according to: (a) EC-2; (b) ACI 318-144; (c) MC-2010. 157 
Note: when section (1) goes through the piles, it is considered tangent to them 158 

Table 2 Summary of the main parameters in the shear and punching formulations of EC-2 159 

Control 
section 

(Fig.3Fig. 
Shear force factors Members without shear reinforcement Members with shear reinforcement 

(a) (c)(b)
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(2) ,(2*)
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0.2ϕ
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d
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(4)

(2) (3)

(1*)

(3*)

(1)

(4)

(2)

d
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3) 

b/u1 1/ χ β νRd,c χ weff  

(1), (2) 
𝑎𝑎𝑣𝑣

2𝑑𝑑 x 
0.18

𝛾𝛾𝑐𝑐
𝑘𝑘(100𝜌𝜌𝑙𝑙𝑓𝑓𝑐𝑐𝑐𝑐)

1
3 x x 

minimum of: 

�
𝑉𝑉𝑅𝑅𝑅𝑅,𝑐𝑐 + 𝐴𝐴𝑠𝑠𝑠𝑠𝑓𝑓𝑦𝑦𝑦𝑦𝑦𝑦 cot 𝜃𝜃𝑏𝑏

0.6𝑓𝑓𝑐𝑐𝑐𝑐𝑏𝑏𝑏𝑏 (cot 𝜃𝜃𝑏𝑏 + tan 𝜃𝜃𝑏𝑏)⁄  

Asw within 0.75av and 1≤cot θb≤2.5 

(1*), (2*) x x 
0.18

𝛾𝛾𝑐𝑐
𝑘𝑘(100𝜌𝜌𝑙𝑙𝑓𝑓𝑐𝑐𝑐𝑐)

1
3 

2𝑑𝑑
𝑎𝑎𝑣𝑣

 n·ϕ 
𝑉𝑉𝑅𝑅𝑅𝑅,𝑐𝑐∗ + 𝐴𝐴𝑠𝑠𝑠𝑠𝑓𝑓𝑦𝑦𝑦𝑦𝑦𝑦 , 
Asw within 0.75av 

(4) x 1 + 𝛾𝛾𝑣𝑣𝑒𝑒𝑢𝑢
𝑢𝑢1

𝑊𝑊1
 0.18

𝛾𝛾𝑐𝑐
𝑘𝑘(100𝜌𝜌𝑙𝑙𝑓𝑓𝑐𝑐𝑐𝑐)

1
3 x x 

0.75𝑉𝑉𝑅𝑅𝑅𝑅,𝑐𝑐 + 𝐴𝐴𝑠𝑠𝑠𝑠𝑓𝑓𝑦𝑦𝑦𝑦𝑦𝑦 , 
Asw within 0.75 of 2d 

(3*), (4*) x 1 + 𝛾𝛾𝑣𝑣𝑒𝑒𝑢𝑢
𝑢𝑢1

𝑊𝑊1
 0.18

𝛾𝛾𝑐𝑐
𝑘𝑘(100𝜌𝜌𝑙𝑙𝑓𝑓𝑐𝑐𝑐𝑐)

1
3 

2𝑑𝑑
𝑎𝑎𝑣𝑣

 n·ϕ 
0.75𝑉𝑉𝑅𝑅𝑅𝑅,𝑐𝑐 + 𝐴𝐴𝑠𝑠𝑠𝑠𝑓𝑓𝑦𝑦𝑦𝑦𝑦𝑦 , 
Asw within 0.75 of 2d 

(1),(2): shear planes of failure 
(3): control section of punching around the column 
(4): control section of punching around the pile 

b: effective breadth for shear; u1: basic control perimeter; 1/χ: factor for load-support proximity; β: coefficient of eccentricity;  
νRd,c: stress corresponding to punching strength provided by concrete; χ: enhancement factor of concrete strength;  
weff: effective width for the shear enhancement factor; av: clear span; d: effective depth; k: factor that takes into account the size 
effect, equal to 1+√(d/200)≤2.0; ρl: steel reinforcement ratio; fck: characteristic value of compressive strength of concrete;  
γc: partial safety factor for concrete material properties; VRd,c: punching shear resistance of concrete; VRd,c*: enhanced punching 
shear resistance of concrete; Asw: punching shear reinforcement area; fywd: design yield strength of the shear reinforcement; 
θb: inclination of the compressive stress field (struts); γv: factor used to determine the fraction of bending moment transferred 
by eccentricity of shear at slab-column connections; eu: eccentricity of the resultant shear forces; W1: property of assumed 
critical section analogous to plastic section modulus  
 160 

When verifying shear, EC-2 considers the positive effect of the proximity of the load to the support by 161 

means of a load reduction factor (1/χ), refer to Eq. (2)(2). This point is discussed in the Designers’ Guide to 162 

EN 1992-2 [21], since the experimental results with beams show increased shear resistance in sections 163 

located close to the support. Based on BS 8110 [28]and BS 5400 [29], the guide proposes the use of an 164 

enhancement factor of concrete strength (χ) on the areas in which the reinforcement is fully anchored by 165 

passing across the head of a pile (weff). This proposal is summarised by Eq.(3): 166 

�
1
𝜒𝜒

� 𝑉𝑉𝐸𝐸𝐸𝐸 ≤ 𝜈𝜈𝑅𝑅𝑅𝑅,𝑐𝑐𝑏𝑏𝑏𝑏 = 𝑉𝑉𝑅𝑅𝑅𝑅,𝑐𝑐 (2) 

𝑉𝑉𝐸𝐸𝐸𝐸 ≤ 𝜈𝜈𝑅𝑅𝑅𝑅,𝑐𝑐�𝑏𝑏 + (𝜒𝜒 − 1)𝑤𝑤𝑒𝑒𝑒𝑒𝑒𝑒�𝑑𝑑 = 𝑉𝑉𝑅𝑅𝑅𝑅,𝑐𝑐 (3) 

Should there be shear reinforcement, the shear strength is governed by yielding of stirrups or web 167 

crushing, with a variable inclination of the compressive stress field (θb). When the enhancement factor of 168 

concrete strength (χ) is applied, the Designers’ Guide to EN 1992-2 [21] proposes a simpler approach: 169 

adding the stirrups’ contribution (VRd,s) to the enhanced concrete shear strength provided by its effective 170 
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width (VRd,c*=νRd,c·χ·weff·d). Table 2Table 2 shows the formulations of both approaches for the shear planes 171 

described in Fig.3Fig. 3a. 172 

As regards the punching verification, EC-2 allows the use of the enhancement factor of concrete strength 173 

(χ) to verify internal control perimeters in column bases, but this is not applicable when loads are 174 

concentrated close to the column (pile reactions), according to clause 6.4.3 (7) of EC-2. Here again the 175 

Designers’ Guide to EN 1992-2 [21] questions this point; not considering any improved resistance effect can 176 

be very conservative, while considering it effective in the entire punching perimeter would be unsafe. In this 177 

regard, the proposal by Clarke [2] was to enhance concrete strength over an effective width as indicated in 178 

section (3*) and (4*) of Fig.3Fig. 3a. Table 2Table 2 gives details of these considerations for these control 179 

sections.   180 

With an eccentric point load, part of the bending moment (γvM) is resisted by the variation of the 181 

shear stresses in the punching control section [30]. To allow for this effect, the EC-2 proposes a plastic 182 

distribution of the stresses at the control perimeter (u1). The maximum punching shear stress is the result of 183 

multiplying the average stress (νEd) by the eccentricity factor β indicated in Table 2Table 2. Eq.(4)(4) gives 184 

the complete punching verification proposal for eccentric loads: 185 

𝛽𝛽𝑉𝑉𝐸𝐸𝐸𝐸 ≤ 𝜈𝜈𝑅𝑅𝑅𝑅,𝑐𝑐�𝑢𝑢1 + (𝜒𝜒 − 1)𝑤𝑤𝑒𝑒𝑒𝑒𝑒𝑒�𝑑𝑑 = 𝑉𝑉𝑅𝑅𝑅𝑅,𝑐𝑐  (4) 

For those members reinforced with stirrups, punching strength is the sum of 75% of concrete resistance 186 

(VRd,c) and the contribution of the shear reinforcement (VRd,s). 187 

3.2.2.2.  ACI 318-14 188 

The punching and shear control sections defined in ACI 318-14 are located at 0.5d and d, respectively, 189 

from the edge of the point loaded area or support pile section (sections (1) a (4) of Fig.3Fig. 3b). The recent 190 

CRSI Design Guide for Pile Caps [23]adds the two control sections (1*) and (3*) indicated in Fig.3Fig. 3b, 191 

wherewhich considers enhanced shear and punching strength. 192 

Table 3 Summary of the main parameters in the shear and punching formulations of ACI 318-14 193 

Control 
section 

Shear force factors Members without shear reinforcement Members with shear 
reinforcement 

Con formato: Color de fuente: Rojo
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(Fig.3Fig. 
3) 

b/u1 1/ χ β νRd,c χ weff  

(1) x x minimum of: 

⎩
⎪
⎨

⎪
⎧0.16𝜆𝜆�𝑓𝑓𝑐𝑐 + 17𝜌𝜌𝑙𝑙

𝑉𝑉1

𝑀𝑀1
𝑑𝑑

0.16𝜆𝜆�𝑓𝑓𝑐𝑐 + 17𝜌𝜌𝑙𝑙

0.29𝜆𝜆�𝑓𝑓𝑐𝑐

 

x x 𝑉𝑉𝑅𝑅𝑅𝑅,𝑐𝑐 + 𝐴𝐴𝑠𝑠𝑠𝑠𝑓𝑓𝑦𝑦𝑦𝑦𝑦𝑦 , 
Asw within d 

(1*) 
w/d<1 

x x 0.16𝜆𝜆�𝑓𝑓𝑐𝑐 + 17𝜌𝜌𝑙𝑙
𝑉𝑉1∗

𝑀𝑀1∗
𝑑𝑑 

𝑑𝑑
𝑤𝑤

�3.5 − 2.5 �
𝑀𝑀1∗

𝑉𝑉1∗𝑑𝑑
�� b 𝑉𝑉𝑅𝑅𝑅𝑅,𝑐𝑐 + 𝐴𝐴𝑠𝑠𝑠𝑠𝑓𝑓𝑦𝑦𝑦𝑦𝑦𝑦 , 

Asw within d 

(2) x x 0.17𝜆𝜆�𝑓𝑓𝑐𝑐 x x 𝑉𝑉𝑅𝑅𝑅𝑅,𝑐𝑐 + 𝐴𝐴𝑠𝑠𝑠𝑠𝑓𝑓𝑦𝑦𝑦𝑦𝑦𝑦 , 
Asw within d 

(3), (4) x 1 +
𝛾𝛾𝑣𝑣𝑒𝑒𝑢𝑢𝑐𝑐𝐴𝐴𝐴𝐴𝑢𝑢1𝑑𝑑

𝐽𝐽𝑐𝑐
 minimum of: 

⎩
⎪
⎨

⎪
⎧ 0.33𝜆𝜆�𝑓𝑓𝑐𝑐

0.17 �1 +
2

𝑐𝑐1 𝑐𝑐2⁄ � 𝜆𝜆�𝑓𝑓𝑐𝑐

0.083 �2 +
𝛼𝛼𝑠𝑠𝑑𝑑
𝑢𝑢1

� 𝜆𝜆�𝑓𝑓𝑐𝑐

 

x x minimum of: 

�
0.17𝜆𝜆�𝑓𝑓𝑐𝑐𝑢𝑢1𝑑𝑑 + 𝐴𝐴𝑠𝑠𝑠𝑠𝑓𝑓𝑦𝑦𝑦𝑦𝑦𝑦

𝜙𝜙𝑓𝑓0.5�𝑓𝑓𝑐𝑐𝑢𝑢1𝑑𝑑
 

Asw within d 

(3*) 
w/d<0.5 

x 1 +
𝛾𝛾𝑣𝑣𝑒𝑒𝑢𝑢𝑐𝑐𝐴𝐴𝐴𝐴𝑢𝑢0𝑑𝑑

𝐽𝐽𝑐𝑐
 0.17𝜆𝜆�𝑓𝑓𝑐𝑐 𝑑𝑑

𝑤𝑤
�1 +

𝑑𝑑
𝑐𝑐

� u0 Not considered 

(1),(2): shear planes of failure 
(3): control section of punching around the column 
(4): control section of punching around the pile 

b: effective breadth for shear; u1: basic control perimeter; 1/χ: factor for load-support proximity; β: coefficient of eccentricity;  
νRd,c: stress corresponding to punching strength provided by concrete; χ: enhancement factor of concrete strength;  
weff: effective width for the shear enhancement factor; d: effective depth; ρl: steel reinforcement ratio; λ: modification factor to 
account for the properties of lightweight concrete; fc: cylinder compressive strength of concrete; V1,V1*: shear force at control 
section (1) or (1*); M1,M1*: bending moment at control section (1) or (1*); w: shear span; VRd,c: punching shear resistance of 
concrete; Asw: punching shear reinforcement area; fywd: design yield strength of the shear reinforcement; γv: factor used to 
determine the fraction of bending moment transferred by eccentricity of shear at slab-column connections; eu: eccentricity of the 
resultant shear forces; cAB: length of the side of the equivalent rectangular control section, parallel to the bending axis;  
u0: column or pile perimeter; Jc: property of assumed critical section analogous to polar moment of inertia; c1: long side of the 
column; c2: short side of the column; αs: 40 for interior columns, 30 for edge columns, 20 for corner columns; c: column 
diameter/side; ϕf: strength reduction factor, 0.75 for shear 

 194 

Table 3Table 3 contains a summary of the concrete shear strength (νRd,c) and the enhancement factor 195 

(χ) to be used in Eq. (5)(5) for shear verification. If shear reinforcement is provided, its contribution (VRd,s) is 196 

added to the strength provided by the concrete section (VRd,c). 197 

𝑉𝑉𝐸𝐸𝐸𝐸 ≤ 𝜒𝜒𝜒𝜒𝑅𝑅𝑅𝑅,𝑐𝑐𝑏𝑏𝑤𝑤𝑑𝑑 = 𝑉𝑉𝑅𝑅𝑅𝑅,𝑐𝑐  (5) 

Shear verification can consider the transfer of bending moment between the column and the slab (γvM), 198 

accepting a linear distribution of shear stresses around the control perimeter (u1). A β factor is defined 199 

(refer to Table 3Table 3) to find the maximum shear stress. Eq.(6)(6)gives a brief shear formulation for pile 200 

caps whose slenderness is w/d>0.5. If shear reinforcement is considered, its contribution (VRd,s) can be 201 

added to that of the concrete limited to 0.17λ√fc.. 202 
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𝛽𝛽𝛽𝛽𝐸𝐸𝐸𝐸 ≤ 𝜈𝜈𝑅𝑅𝑅𝑅,𝑐𝑐𝑢𝑢1𝑑𝑑 = 𝑉𝑉𝑅𝑅𝑅𝑅,𝑐𝑐  (6) 

For deeper pile caps (w/d≤0.5), the CSRI’s Special Investigation [31] proposes evaluating the enhanced 203 

punching strength (χ·νRd,c) at the column perimeter (u0), in accordance with Eq.(7)(7).  In this case, no 204 

information is given on considering punching reinforcement, or the eccentricity of loads. 205 

𝑉𝑉𝐸𝐸𝐸𝐸 ≤ 𝜒𝜒𝜒𝜒𝑅𝑅𝑅𝑅,𝑐𝑐𝑢𝑢0𝑑𝑑 = 𝑉𝑉𝑅𝑅𝑅𝑅,𝑐𝑐  (7) 

3.2.2.3.  Model Code 2010 206 

The punching shear formulation is developed from the Critical Shear Crack Theory (CSCT) proposed by 207 

Muttoni & Schwartz [32], according to which the shear strength of beams or slabs is a function of the width 208 

and roughness of the crack.  These magnitudes depend on the mid-depth strain (εx) in beams or on the 209 

rotation (ψ) and maximum aggregate size (dg) in slabs. 210 

To determine εx and ψ, four levels of approximation are established in MC-2010, ordered from lower to 211 

higher complexity and accuracy. Table 4Table 4 gives the formulation of the Level I of Approximation (LoAI), 212 

as this is considered to be the most similar to those proposed in EC-2 and ACI 318-14.  213 

The definition of the control sections is similar to that proposed in ACI 318-14: 0.5d from the edge of the 214 

point loaded area or punching support, and the smallest between d and 0.5av for shear with loads close to 215 

supports. The four control sections are those indicated in Fig.3Fig. 3c: shear parallel to column situated at d 216 

(1), corner shear situated at d (2), punching around the column (3) and punching around the pile at 0.5d 217 

(4). 218 

Table 4 Summary of the main parameters in the shear and punching formulations of MC-2010 219 

Control 
section 

(Fig.3Fig. 
3) 

Shear force factors Members without shear reinforcement Members with shear reinforcement 

b/u1 1/ χ β νRd,c χ weff  

(1), (2) 𝑎𝑎𝑣𝑣

2𝑑𝑑 ≥ 0.5 x 
𝑘𝑘𝑣𝑣

�𝑓𝑓𝑐𝑐𝑐𝑐

𝛾𝛾𝑐𝑐
,   𝑤𝑤𝑤𝑤𝑤𝑤ℎ 

𝑘𝑘𝑣𝑣 =
180

1000 + 1.25𝑧𝑧
 

x x minimum of: 

�
𝐴𝐴𝑠𝑠𝑠𝑠𝑓𝑓𝑦𝑦𝑦𝑦𝑦𝑦 cot 𝜃𝜃𝑏𝑏

0.55 �
30
𝑓𝑓𝑐𝑐𝑐𝑐

�
1

3� 𝑓𝑓𝑐𝑐𝑐𝑐

𝛾𝛾𝑐𝑐
𝑏𝑏𝑏𝑏 sin 𝜃𝜃𝑏𝑏 cos 𝜃𝜃𝑏𝑏
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Asw within z and 30≤θb≤45 

 (3), (4) x 1
1 + 𝑒𝑒𝑢𝑢 𝑏𝑏𝑢𝑢⁄  𝑘𝑘𝜓𝜓

�𝑓𝑓𝑐𝑐𝑐𝑐

𝛾𝛾𝑐𝑐
,   𝑤𝑤𝑤𝑤𝑤𝑤ℎ 

𝑘𝑘𝜓𝜓 =
1

1.5 + 0.9𝑘𝑘𝑑𝑑𝑑𝑑𝜓𝜓𝜓𝜓 ≤ 0.6 

𝜓𝜓 = 1.5
𝑟𝑟𝑠𝑠

𝑑𝑑
𝑓𝑓𝑦𝑦𝑦𝑦

𝐸𝐸𝑠𝑠
;    𝑘𝑘𝑑𝑑𝑑𝑑 =

32
16 + 𝑑𝑑𝑔𝑔

 

General 
procedure: 

Eq.(9)(9) 

x 𝑉𝑉𝑅𝑅𝑅𝑅,𝑐𝑐 + 𝐴𝐴𝑠𝑠𝑠𝑠𝑘𝑘𝑒𝑒𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠, 

𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠 =
𝐸𝐸𝑠𝑠𝜓𝜓

6
�1 +

𝑓𝑓𝑏𝑏𝑏𝑏

𝑓𝑓𝑦𝑦𝑦𝑦𝑦𝑦

𝑑𝑑
𝜙𝜙𝑤𝑤

� ≤ 𝑓𝑓𝑦𝑦𝑦𝑦𝑦𝑦  

Asw within dv and 0.35dv 

(1),(2): shear planes of failure 
(3): control section of punching around the column 
(4): control section of punching around the pile 
 
b: effective breadth for shear; u1: basic control perimeter; 1/χ: factor for load-support proximity; β: coefficient of eccentricity;  
νRd,c: stress corresponding to punching strength provided by concrete; χ: enhancement factor of concrete strength;  
weff: effective width for the shear enhancement factor; av: clear span; d: effective depth; z: level arm 0.9dv; fck: characteristic 
value of compressive strength of concrete; γc: partial safety factor for concrete material properties; VRd,c: punching shear 
resistance of concrete; Asw: punching shear reinforcement area; fywd: design yield strength of the shear reinforcement; 
θb: inclination of the compressive stress field (struts); rs: position where the radial bending moment is zero with respect to the 
support axis; fyd: design yield strength of reinforcing steel in tension; Es: modulus of elasticity of flexural and shear 
reinforcement; dg: maximum size of aggregate; dv: effective depth considering support penetration;  

 220 

Similarly to EC-2, for shear verification (refer to Eq.(2)(2)), whetherif the load is close to the support 221 

(w<2d), punching strength can be reduced by the factor 1/χ given in Table 4Table 4. Also, shear strength of 222 

beams with stirrups is governed by yielding of this shear reinforcement or web crushing, with a variable 223 

inclination of the compressive stress field (refer to Table 4Table 4). 224 

In the punching verification (refer to Eq.(8)(8)), a shear-resisting control perimeter is defined (u2) that 225 

allows for the possible non-uniform distribution of the shear forces along the basic control perimeter (u1). 226 

This can be due either to the presence of loads close to the support or to the concentration of the shear 227 

forces due to moment transfer between column and slab. The former case is dealt with in the general 228 

method described in Eq.(9)(9), which requires a shear field analysis to determine the maximum shear per 229 

unit of length perpendicular to the control perimeter (νperp,d,max) [33]. In the latter case MC-2010 applies its 230 

eccentricity coefficient β to the basic control perimeter (Eq. (10)(10)). 231 

𝑉𝑉𝐸𝐸𝐸𝐸 ≤ 𝜈𝜈𝑅𝑅𝑅𝑅,𝑐𝑐𝑢𝑢2𝑑𝑑𝑣𝑣 = 𝑉𝑉𝑅𝑅𝑅𝑅,𝑐𝑐  (8) 

𝑢𝑢2 =
𝑉𝑉𝐸𝐸𝐸𝐸

𝜈𝜈𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑑𝑑,𝑚𝑚𝑚𝑚𝑚𝑚
 (9) 

𝑢𝑢2 = 𝛽𝛽𝛽𝛽1 (10) 

The contribution of the punching reinforcement to resistance depends on the rotation achieved in the 232 

slab, as described in Table 4Table 4, and can be added to the concrete strength (VRd,c). 233 
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The MC-2010 formulation only applies to those elements whose slenderness is w/d>0.5. No 234 

recommendations have been made for more compactlower w/d  pile caps. 235 

The main features of the punching formulation in the codes may be summarized as follows: horizontal 236 

secondary reinforcement is not taken into account in ACI-318-14 and CM2010 (LoA I), only is considered in 237 

EC2; the three codes add the contribution of shear reinforcement to the component resisted by concrete, but 238 

they differ in the reinforcement area considered; the eccentricity of the applied load is taken to account by 239 

means of a factor –the load is amplified in ACI and EC2 and the shear-resisting perimeter is reduced in 240 

CM2010–; and the influence of loads close to the control section is taken to account by means of an enhanced 241 

strength over an effective width (EC2 and ACI) or by means of modifying the control perimeter length 242 

(CM2010). 243 

The variety of locations of the control sections and the different way of considering the effects of 244 

concentrated loads of piles and the eccentricity of the applied load lead to codes differ considerably in both 245 

the predicted strength and the mode of failure for a same cap. 246 

4.  Experimental research  247 

4.1. Specimen design 248 

21 four-pile caps were tested grouped in three different series. Series N: centered load (ex=ey=0); series 249 

NMM: biaxial bending (ex=ey=0.11m); series NM, uniaxial bending (ex=0.15m, ey=0). With the aim of 250 

assessing the influence of the shear span-depth ratio and secondary reinforcement on pile cap strength, each 251 

series was defined by combinations of three different depths and reinforcement layouts (Table 5Table 5). 252 

The following dimensions were identical in all specimens (Fig.4Fig. 4a):  pile spacing (e=0.80m), shear 253 

span (w=0.23m), pile diameter (ϕ=0.25m), column diameter (c=0.35m) and slab plane size (1.15x1.15m). 254 

Three different pile cap depths (h) were prepared: Type A - 0.25 m; Type B - 0.35 m; Type C - 0.45 m. All of 255 

them fulfill the deep pile cap requirement (w/d≤2), see Table 7Table 7. Fig.4Fig. 4b-d shows the three 256 

reinforcement layouts considered: Type 1 - bunched reinforcement (AsB); Type 2 - distributed reinforcement 257 

(AsB+AsH); Type 3 – distributed reinforcement (AsB+AsH) and vertical reinforcement in stirrups (AsV). The 258 
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area of bunched reinforcement (AsB) was calculated for Series N (centered load) from the STM given in 259 

Fig.5Fig. 5a with a design load of 500kN. This reinforcement was maintained in the eccentric series in order 260 

to compare their strengths. It should be noted that type-1 reinforcement layout could not conform with code 261 

recommendations because it would fail the crack width verification. This type of reinforcement layout is just 262 

considered as a reference, only for research purpose.  263 

  264 
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Table 5 Key features of pile cap specimens 265 

Specimen 
h/d 
(m) 

ex 
(m) 

ey 
(m) 

AsB 

(cm2) 
AsH 

(cm2) 
AsV 

(cm2) 

4P-N-A1 0.25/0.19 - - 4x(2φ16+1φ12) - - 
4P-N-A2 0.25/0.19 - - 4x(2φ16+1φ12) 4x5φ10 - 
4P-N-A3 0.25/0.19 - - 4x(2φ16+1φ12) 4x5φ10 4x5sφ8 
4P-N-B1 0.35/0.30 - - 4x 3φ12 - - 
4P-N-B2 0.35/0.30 - - 4x 3φ12 4x5φ8 - 
4P-N-B3 0.35/0.30 - - 4x 3φ12 4x5φ8 4x5sφ8 
4P-N-C1 0.45/0.40 - - 4x(2φ10+1φ12) - - 
4P-N-C2 0.45/0.40 - - 4x(2φ10+1φ12) 4x5φ8 - 
4P-N-C3 0.45/0.40 - - 4x(2φ10+1φ12) 4x5φ8 4x5sφ8 
4P-NMM-A2 0.25/0.19 0.11 0.11 4x(2φ16+1φ12) 4x5φ10 - 
4P-NMM-A3 0.25/0.19 0.11 0.11 4x(2φ16+1φ12) 4x5φ10 4x5sφ8 
4P-NMM-B2 0.35/0.30 0.11 0.11 4x 3φ12 4x5φ8 - 
4P-NMM-B3 0.35/0.30 0.11 0.11 4x 3φ12 4x5φ8 4x5sφ8 
4P-NMM-C2 0.45/0.40 0.11 0.11 4x(2φ10+1φ12) 4x5φ8 - 
4P-NMM-C3 0.45/0.40 0.11 0.11 4x(2φ10+1φ12) 4x5φ8 4x5sφ8 
4P-NM-A2 0.25/0.19 0.15 - 4x(2φ16+1φ12) 4x5φ10 - 
4P-NM-A3 0.25/0.19 0.15 - 4x(2φ16+1φ12) 4x5φ10 4x5sφ8 
4P-NM-B2 0.35/0.30 0.15 - 4x 3φ12 4x5φ8 - 
4P-NM-B3 0.35/0.30 0.15 - 4x 3φ12 4x5φ8 4x5sφ8 
4P-NM-C2 0.45/0.40 0.15 - 4x(2φ10+1φ12) 4x5φ8 - 
4P-NM-C3 0.45/0.40 0.15 - 4x(2φ10+1φ12) 4x5φ8 4x5sφ8 
h: pile cap depth; d: effective depth; ex:  eccentricity from x-axis; ey: eccentricity 
from y-axis; AsB: main bunched reinforcement area; AsH: horizontal secondary 
reinforcement area; AsV: vertical secondary reinforcement area (in stirrups);  
φ: diameter of steel reinforcement; 

 266 
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 267 

Fig.4 Specimen geometry and reinforcement layout: (a) Main dimensions and LVDT location;  268 
(b) Type 1:AsB; (c) Type 2: AsB+AsH; (d) Type 3:AsB+AsH+AsV 269 

 270 

Fig.5 STM based on the SP-273 of ACI: a) centered load; b) uniaxial bending; c) biaxial bending 271 

4.2. Material properties 272 

The first column in Table 7Table 7 includes the average compressive and tensile strengths and ages of 273 

the concrete cylinders tested under the same temperature and humidity conditions as the pile caps. 274 

Compressive strength (fc) ranged from 25.3MPa to 39.2MPa, and tensile strength (fct) from 2.2MPa to 275 

3.8MPa. The maximum aggregate size (dg) was 12 mm. 276 

Two samples of reinforcement of 60 cm in length per diameter were tested under tension (ISO 15630-277 

1:2010 [34]) to determine an average value for yield (fy) and ultimate strength (fu). Table 6Table 6 offers the 278 

average mechanical properties of reinforcement. 279 
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Table 6 Mechanical properties of reinforcement 280 

Series 
φ 

(mm) 
fy 

(MPa) 
fu 

(MPa) 

4P-N 8 573.3 650.9 
10 519.3 634.7 
12 553.8 641.8 
16 554.8 644.8 

4P-NM 
4P-NMM 

8 550.8 648.3 
10 554.8 644.4 
12 533.7 629.9 
16 550.7 650.6 

φ: diameter of steel reinforcement;  
fy: yield strength of reinforcing steel in 
tension; fu: ultimate strength of reinforcing 
steel in tension 

4.3. Test setup 281 

The main purpose of the test setup was to define a loading system able to introduce constant 282 

eccentricity and ensure a well-defined linear distribution of pile reactions for any level of loading. In case of 283 

four pile caps the geometric irregularities of the strong floor could affect the aforementioned distribution of 284 

reactions, even under a centered load. To avoid this, Clarke [2] introduced the load to the piles with four 285 

hydraulic jacks connected via a common manifold to a pump. Suzuki [5–8] also applied the load to the piles 286 

but through two hydraulic jacks and two loading beams. For the present tests, some of which required load 287 

eccentricity, four independent controlled hydraulic jacks (Fig.6Fig. 6) were synchronized to apply a linear 288 

distribution of loads to the piles. Perfectly vertical reactions were ensured by means of support devices that 289 

acted as hinges and release horizontal reactions (Fig.6Fig. 6 (b)). The specimen was monotonically loaded 290 

up to failure at a constant deformation rate (0.05 mm/s). 291 
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 292 

Fig.6 Test setup: (a) General view; (b) Detail of horizontal release 293 

4.4. Instrumentation 294 

The load applied through each pile was measured by a load cell (HBM Type C6A 0.5MN) under the 295 

hinge. The vertical displacements of the cap soffit were recorded by six displacement transducers (LVDT): 296 

one in the centre under the pile cap, one centered on top of the pile cap and four over the piles. Besides, the 297 

average strains of bunched and secondary vertical reinforcement were measured by 8-10 LVDT (Fig.4Fig. 4). 298 

A minimum of 32 and maximum of 56 strain gauges were placedset on the rebars to record the strains 299 

along the reinforcement versus load.  300 

Seven cameras were synchronized with the data acquisition systems and took one photo per second to 301 

plot the evolution of any cracks that appeared on the three sides and lower surface. 302 

  303 
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5. Experimental results and discussion 304 

Table 7Table 7 summarises the experimental results: the load at which the  bunched reinforcement 305 

yielded (Vy,e), the peak load (Vu,e), the maximum pile reaction at peak load (Ru,e) and its vertical displacement 306 

at the peak load (uz). 307 

Table 7 Summary of the experimental results 308 

Specimen 
fc/fct [days] 

(MPa) 
w/d 

Vy,e 
(kN) 

Vu,e 
(kN) 

Ru,e 
(kN) 

uz 

(mm) 
Failure 
mode Vu,e/Vy,e 

4P-N-A1 27.7 / 3.2 [98] 1.10 581.2 613.9 153.5 4.3 py 1.06 

4P-N-A2 29.5 / 3.1 [101] 1.10 793.0 821.7 206.9 4.1 py 1.04 

4P-N-A3 30.0 / 3.1 [112] 1.10 689.7 981.5 245.7 6.6 pyw 1.42 

4P-N-B1 26.1 / 3.1 [85] 0.74 576.5 756.2 189.1 3.3 py 1.31 

4P-N-B2 25.3 / 2.8 [88] 0.74 569.9 872.6 219.2 3.0 py 1.53 

4P-N-B3 29.9 / 2.2 [100] 0.74 784.8 1127.8 281.5 7.8 pyw 1.44 

4P-N-C1 31.9 / 3.6 [27] 0.56 739.3 957.5 233.0 9.2 f 1.30 

4P-N-C2 36.3 / 2.8 [23] 0.56 960.4 1173.9 293.0 5.7 py 1.22 

4P-N-C3 34.0 / 2.7 [21] 0.56 1014.1 1317.3 325.0 9.7 f 1.30 

4P-NMM-A2 36.4 / 3.3 [27] 1.10 525.1 594.5 223.9 3.8 py 1.13 

4P-NMM-A3 39.2 / 3.8 [33] 1.10 527.6 769.8 285.4 9.3 pyw 1.46 

4P-NMM-B2 39.0 / 3.3 [54] 0.74 720.1 763.2 291.8 3.2 py 1.06 

4P-NMM-B3 29.9 / 2.7 [45] 0.74 630.4 826.4 305.2 10.7 pyw 1.31 

4P-NMM-C2 30.0 / 3.1 [49] 0.56 726.1 970.1 366.8 5.6 py 1.34 

4P-NMM-C3 30.5 / 3.2 [51] 0.56 825.8 1076.0 409.8 9.4 f 1.30 

4P-NM-A2 27.1 / 3.0 [56] 1.10 534.7 583.7 196.3 4.3 py 1.09 

4P-NM-A3 30.6 / 3.1 [58] 1.10 552.4 788.1 271.1 13.8 pyw 1.43 

4P-NM-B2 30.2 / 3.0 [63] 0.74 687.6 755.3 259.1 2.7 py 1.10 

4P-NM-B3 28.1 / 3.0 [21] 0.74 631.5 821.1 279.3 9.4 py 1.30 

4P-NM-C2 27.9 / 2.8 [26] 0.56 724.0 915.7 314.5 2.9 py 1.26 

4P-NM-C3 28.8 / 2.7 [28] 0.56 768.7 1004.1 342.8 15.5 f 1.31 

fc: cylinder compressive strength of concrete; fct: axial tensile strength of concrete; w/d: shear span-depth 
ratio; Vy,e: experimental yielding load of the bunched reinforcement; Vu,e: peak load of tested specimen; 
Ru,e: maximum pile reaction at peak load; uz: vertical displacement of pile at peak load;  
Failure mode: f-flexural failure, pyw-punching after yielding of flexural and shear reinforcement,  
py-punching after yielding of main bounched reinforcement 

 309 

5.1. Load-displacement curves 310 

The load-displacement curves (Fig.7Fig. 7) show a generally brittle response of the pile caps without 311 

vertical stirrups, except forexcluding specimen 4P-N-C1 and 4P-NMM-C2. The addition of this reinforcement 312 

to the Type 3 specimens increased their ductility, as can be seen in the slope of the curves. The response of 313 

the pile caps under eccentric loads is similar to that of the caps under axial loads of similar depth and 314 

reinforcement configuration, although they reach higher ultimate pile reactions (Ru,e). 315 
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 316 

 317 

Fig.7 Load-displacement curves: a) Centered load: a.1)4P-N-A; a.2) 4P-N-B; a.3) 4P-N-B; b) Biaxial bending: b.1) 4P-NMM-A;  318 
b.2) 4P-NMM-B; b.3) 4P-NMM-C; c) Uniaxial bending: c.1) 4P-NM-A (*); c.2) 4P-NM-B; c.3) 4P-NM-C 319 

(*) Note the large displacements of 4P-NMM-A3 starting the test are attributed due to a malfunction wrong data acquisition of the 320 
measurement system 321 

Figures 7(a.2) and 7(a.3) show that specimens with type-2 reinforcement layout reach higher peak load 322 

and display sharper descending branches than those of type-1. This behaviour may be explained in the 323 

specimen 4P-N-C2 by the change in the mode of failure: specimen 4P-N-C1 fails in flexure, but the 324 

supplementary reinforcement added in specimen 4P-N-C2 increases its flexure resistance more than its 325 

punching resistance, so that it fails due to punching. Specimens of the series A and B, the failure is due to 326 

punching both for type-1 and type-2 reinforcement layouts. The larger peak load and lower ductility of 327 

specimens of type-2 are linked to the smaller crack width due to its larger reinforcement areaand. 328 
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5.2. Failure and yielding load 330 

Although Fig.7Fig. 7 shows brittle failures in piles caps without vertical reinforcement, the main 331 

bounched reinforcement yielded in all cases before failure. The pile cap is able to carry further load beyond 332 

the yielding point. The lower shear span-depth (w/d), the larger ratio Vu,e/Vy,e  (Table 7Table 7) is reached in 333 

specimens without stirrups. As can be seen, these ratios range from 1.04 to 1.13 for Type A and from 1.22 to 334 

1.34 for Type C. On the other handcontrary, when adding stirrups the higher shear span-depth (w/d), the 335 

larger increase in the ratio Vu,e/Vy,e(1.42-1.46 for Type A and 1.30-1.31 for Type C). The values in Table 336 

7Table 7show higher maximum pile reaction (Ru,e) in the tests with biaxial eccentricity (4P-NMM) than in 337 

those with a centered load (4P-N) (8% to 26%). However, as expected, the sum of the four reactions (Vu,e) 338 

under an eccentric load is lower than under centered loads.   339 

The ultimate load (Vu,e) related to VSTM-1(Table 8Table 8, Fig.5Fig. 5) diminishes with slenderness (w/d), 340 

regardless of the type of load and reinforcement configuration. Higher values of the ratio Vu,e/VSTM-1 are 341 

obtained when horizontal and vertical secondary reinforcement are added (Fig.8Fig. 8). 342 

 343 
Fig.8 Comparison of experimental to STM failure load prediction (considering AsB to derive the yield strength of the ties): a) 344 

Influence of the reinforcement arrangement in specimens tested under centered load; b) Influence of the eccentricity in specimens 345 
with reinforcement type 2; c) Influence of the eccentricity in specimens with reinforcement type 3 346 

5.3. Cracking pattern 347 

The cracking pattern evolution during the loading process describes the main stress stages. In Fig. 9Fig. 348 

9 the main types of cracks are identified. Initial development of cracks is common in all the tested 349 

specimens. First, vertical bending cracks appeared between the piles from each face toward the pile cap 350 

soffit centrer. Close to the yielding threshold, some of the vertical cracks near the piles became diagonal. In 351 

some cases, typical of Types 2 and 3, when the failure load was reached, fully developed arched cracks were 352 
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visible ion at least one face. These cracks may indicate the geometry of a potential punching failure surface 353 

(Fig.14Fig. 14a). In other cases, typical of Type 1 specimens (4P-N-A1, 4P-N-B1) or symmetrical bending 354 

(4P-NM-A2, 4P-NM-B2), a sudden horizontal crack crossed the bending cracks and caused the failure. 355 

The cracking pattern reveals the influence of load eccentricity (Fig. 9Fig. 9), pile cap depth (Fig.10Fig. 356 

10), horizontal secondary reinforcement (Fig.11Fig. 11) and vertical secondary reinforcement (Fig.12Fig. 357 

12) on the pile cap response. 358 

Pile caps under eccentric loads showed arched cracks emerging from the piles that reached the 359 

maximum reaction, Ru,e (Fig. 9Fig. 9b, c). The load eccentricity enabled longer arches, resulting in a larger 360 

failure surface than in those under centered loads.  361 

The deepest pile caps were designed with less reinforcement area to achieve similar flexural strength, 362 

and so had comparatively less ratio of longitudinal tension reinforcement (ρl). As a consequence, few wide 363 

cracks appeared in the Type C pile caps (Fig.10Fig. 10c) versus the diffuse crack pattern typical of Type A 364 

(Fig.10Fig. 10a). Adding secondary reinforcement reduced these differences and enabled fully developed 365 

arched cracks in the Type B and C specimens (Fig.10Fig. 10e,f) instead of concentrated vertical cracks on the 366 

faces. Fig.11Fig. 11 shows the cracking control provided by mesh reinforcement. The effect of horizontal 367 

secondary reinforcement on reducing crack width was seen on the underside, regardless of pile cap depth. 368 

Vertical secondary reinforcement crossed the arched or suspension cracks of the failure surface (Fig.12Fig. 369 

12) and consequently increased the peak load. 370 

 371 

Fig. 9 Effect of load eccentricity on cracking pattern:  372 
(a) Centered load, 4P-N-B2 (w/d=0.74); (b) Biaxial bending, 4P-NMM-B2 (w/d=0.74); (c) Uniaxial bending, 4P-NM-B2 (w/d=0.74) 373 
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 374 

Fig.10 Effect of pile cap depth and secondary reinforcement on the cracking pattern: 375 
(a) 4P-N-A1(w/d=1.10); (b) 4P-N-B1 (w/d=0.74); (c) 4P-N-C1 (w/d=0.56);(d) 4P-N-A3 (w/d=1.10); (e) 4P-N-B3 (w/d=0.74); (f) 376 

4P-N-C3 (w/d=0.56) 377 
 378 

 379 

Fig.11 Effect of horizontal secondary reinforcement on the crack width control upon peak load:  380 
(a) 4P-N-C1; (b) 4P-N-C2 381 
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 382 

Fig.12 Effect of vertical secondary reinforcement (stirrups) toin resisting vertical thrusts along the sides of pile caps:(a) 4P-NM-B2; 383 
(b) 4P-NM-B3  384 

5.4. Failure mode 385 

The failure mode of the pile caps was identified from the load-displacement curves (Fig.7) and the 386 

evolution of the cracking pattern, following the description shown in Fig.13Fig. 13. 387 

 388 

Fig.13 Description of the failure modes based on the load-displacement curves and yielding of reinforcement.  389 
Failure legend: p-Brittle punching failure without yielding, py-Brittle punching failure with yielding of AsB, pyw-Ductile punching 390 

failure with yielding of both AsB and AsV, f-flexural failure 391 

In the Types A and B pile caps without stirrups (A1, A2, B1 and B2) and Types C2, brittle failure 392 

occurred after yielding of the main bounched reinforcement (py failure in Table 7Table 7) and a punching 393 

surface  cancould be seen from the cracks on the faces and the final appearance of the pile cap after failure 394 

(Fig.14Fig. 14). ItThis is similar to the complex punching surface described in Clarke [2]and Jensen & Hoang 395 

[17]. 396 

In the Types A and B specimens with stirrups (A3, B3 except 4P-NM-B3), this reinforcement yieldeds 397 

before reaching the maximum load (Fig.7Fig. 7), at which ductile punching failures couldcan be seen (pyw 398 

failure in Table 7Table 7). 399 
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The deepest pile caps with stirrups (Type C3) and the 4P-N-C1 pile cap without stirrupsit reached their 400 

maximum flexural capacity (f failure in Table 7Table 7) and showed a ductile response. 401 

 402 

Fig.14 Punching failure of 4P-N-B2: a) Feasible punching failure surface with real cracks; b) Specimen appearance after the test 403 
 404 

6. Comparison of experimental results with calculated strength by STM 405 

The comparison of the experimental results and the ultimate loads predicted by STM were analysed 406 

from four different aspects: prediction of the failure mode, the shear span-depth ratio (w/d), the secondary 407 

reinforcement, and load eccentricity. To compare the failure loads from the experiments with the 408 

predictions, the partial safety factors γc, γs were set as 1.00. 409 

The three STM proposed in Fig. 5 were used, following the recommendations in the ACI SP-273 [26]. In 410 

Fig.8Fig. 8 the experimental results are compared with the STM predictions (VSTM-1 in Table 8Table 8) 411 

without taking into consideration the contribution of the secondary horizontal reinforcement (AsH) to the 412 

capacity of the ties. The predicted results were found to be conservative (MEAN: 1.93) with a coefficient of 413 

variation of 20% (Table 9Table 9). For comparison, the ultimate STM load was also obtained adding the area 414 

of the secondary horizontal reinforcement to the ties (VSTM-2in Table 8Table 8), as previously considered in 415 

Blévot & Fremy [1], Clarke [2]and Souza et al. [35]. Also, to indirectly rule out the splitting of the bottle-416 
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shaped struts, compression stress was limited to 0.85fc in the column and pile sections, as indicated in ACI 417 

SP-273 [26], although in no case did this restriction capped the load. 418 

6.1. Failure load and mode of failure prediction 419 

All the load predictions were found to be safe when compared with the maximum experimental load 420 

(MEAN: 1.43, COV: 0.15), but, the safety margin is not the same depending on factors such as slenderness 421 

(w/d), the presence of horizontal (Type 2) or vertical (Type 3) secondary reinforcement or the eccentricity 422 

of load. The influence of these factors is analysed in the sections 6.2 to 6.4.All the load predictions were 423 

found to be safe when compared with the maximum experimental load (MEAN: 1.43, COV: 0.15), but, as can 424 

be seen in Fig. 15, the influence of factors such as slenderness (w/d), the presence of horizontal (Type 2) or 425 

vertical (Type 3) secondary reinforcement or eccentricity was not captured. 426 

 427 

Fig.15 Comparison of experimental to STM failure load prediction (considering AsB+AsH to derive the yield strength of the ties): a) 428 
Influence of the reinforcement arrangement in specimens tested under centered load; b) Influence of the eccentricity in specimens 429 

with reinforcement type 2; c) Influence of the eccentricity in specimens with reinforcement type 3 430 

Fig.16Fig. 16 shows the comparison of the experimental yielding load (Vy,e in Table 7Table 7) with the 431 

STM prediction. The STM explains the beginning of the yielding of the longitudinal reinforcement reasonably 432 

well, but since the level arm is fixed it is not able to capture the stress redistribution that would make it 433 

possible to increase the load to the point of punching failure observed in most of the pile caps. 434 
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 435 

Fig.16Comparison of experimental to STM yielding load prediction 436 

6.2. Influence of the shear span-depth ratio 437 

Pile cap slenderness (w/d) influences both the ultimate load and the failure mode observed in the 438 

experimental tests, as mentioned in Section 5.2. However, the influence of this variable is not adequately 439 

captured with the STM. There is a clear dependence between the experimental-STM failure load ratio and 440 

the shear span-depth ratios for all types of load and reinforcement configurations (Fig.15Fig. 15). 441 

6.3. Influence of the secondary reinforcement 442 

Fig.15Fig. 15a compares the influence of the reinforcement configuration in specimens tested under 443 

centered loads. The ultimate load predictions for pile caps with bunched reinforcement (Type 1: AsB) were 444 

found to be safer than those with secondary horizontal reinforcement (Type 2: AsB+AsH). In the latter case, 445 

half of the secondary reinforcement was considered as part of the tie, but since it was not perfectly anchored 446 

beneath the piles, it was not totally effective.  447 

In the specimens with vertical secondary reinforcement (Type 3), as the stirrups are not considered by 448 

the STM model, their contribution to the resistance is ignored and the predictions thus obtained are safer 449 

than for Type 2. The comparison between Fig.15Fig. 15b and c shows that in the case of eccentric loads 450 

adding vertical reinforcement is neithernot taken into account by the STM either and also gives conservative 451 

predictions as well. 452 

6.4. Influence of the load eccentricity 453 

The influence of eccentric loads applied through the column can be seen in Fig.15Fig. 15b,c. In general 454 

the proposed STMs (Fig.5Fig. 5b,c) capture reasonably well variations in pile cap strength when eccentricity 455 
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is added, although the predictions are somewhat more conservative for the specimens loaded by uniaxial 456 

bending (NM: ex=0.15m; ey=0). 457 

7. Comparison of experimental results with calculated strength by sectional methods 458 

The comparison between the experimental results and those predicted by the sectional methods of EC-459 

2, ACI 318-14 and MC- 2010 is studied similarly to the STM in Section 6. The capacity to predict the failure 460 

load and failure mode is assessed, as well as whether or not the influence of parameters such as slenderness 461 

(w/d), secondary reinforcement and eccentricity is captured. 462 

7.1. Failure load and mode of failure prediction 463 

The predicted failure load for each code is taken as the minimum (Vmin-1) of the flexural, shear or 464 

punching capacity summarized in Table 8Table 8. Although the strength estimated in this way leads to safe 465 

predictions (refer to Vu,e/Vmin-1 in Table 9Table 9; EC-2 mean: 1.17, COV: 0.09; ACI 318-14 mean: 1.42, COV: 466 

0.27; MC-2010 mean: 1.31, COV: 0.17), the failure modes predicted by the models do not always match with 467 

those experimentally observed (refer to Table 7Table 7). 468 

Some codes predict shear failures which were not observed in the tests. Therefore, the predicted loads 469 

were also obtained without considering this type of failure (Vmin-2). Safe predictions were reached with 470 

lower COV than the previous ones (refer to Vu,e/Vmin-2 in Table 9; EC-2 mean: 1.14, COV: 0.09; ACI 318-14 471 

mean: 1.27, COV: 0.13; MC-2010 mean: 1.26, COV: 0.17). 472 

EC-2 offers the best fit with the actual response obtained, although for its application multiple 473 

hypotheses are required [2,21,22] that are not included in the code itself. The formulation proposed in MC-474 

2010 fits well with the failure mode described experimentally, although the predictions for the slenderest 475 

pile caps (w/d>1) are fairly conservative. Even so, this formulation could be applied without any need to 476 

develop additional hypotheses, which would be an advantage for practitioners. ACI 318-14 presents the 477 

largest difference between the experimental failure mode and load prediction, since in most cases it 478 

overestimates the punching shear strength of the deepest pile caps (w/d<1) and the flexural capacity is 479 

limiting. The formulation proposed in MC-2010 fits well with the failure mode described experimentally, 480 

although the predictions for the slenderest pile caps (w/d>1) are fairly conservative. Even so, this 481 
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formulation could be applied without any need to develop additional hypotheses, which would be an 482 

advantage for practitioners. 483 

Since no shear failures were observed in the tests, the predicted loads were also obtained without 484 

considering this type of failure (Vmin-2). Safe predictions were reached with lower COV than the previous 485 

ones (refer to Vu,e/Vmin-2 in Table 9; EC-2 mean: 1.14, COV: 0.09; ACI 318-14 mean: 1.27, COV: 0.13; MC-2010 486 

mean: 1.26, COV: 0.17).  487 

To analyse the influence of parameters such as slenderness (w/d), secondary reinforcement and 488 

eccentric loads in the following sections, the experimental failure mode should be compared with the load 489 

predicted by the experimentally observed failure mode (Vu,e/Vobs in Table 9Table 9). The results of this 490 

comparison are shown in Fig.17Fig. 17, Fig.18Fig. 18 and Fig.19Fig. 19, for EC-2, ACI 318-14 and MC-2010, 491 

respectively. 492 

 493 

Fig.17 EC-2 failure load predictions considering the governing failure mode: a) Influence of the reinforcement arrangement in 494 
specimens tested under centered load; b) Influence of the eccentricity in specimens with reinforcement type 2; c) Influence of the 495 
eccentricity in specimens with reinforcement type 3  496 

 497 
Fig.18 ACI 318-14 failure load predictions considering the governing failure mode: a) Influence of the reinforcement arrangement in 498 
specimens tested under centered load; b) Influence of the eccentricity in specimens with reinforcement type 2; c) Influence of the 499 
eccentricity in specimens with reinforcement type 3  500 
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 501 
Fig.19 MC-2010 failure load predictions considering the governing failure mode: a) Influence of the reinforcement arrangement in 502 
specimens tested under centered load; b) Influence of the eccentricity in specimens with reinforcement type 2; c) Influence of the 503 
eccentricity in specimens with reinforcement type 3  504 

7.2. Influence of the shear span-depth ratio 505 

The EC-2 punching formulation, after adopting complementary hypotheses [2,28,29], allows for the 506 

effect of slenderness through the enhancement factor (χ in Table 2Table 2) applied along the effective width 507 

(weff).  The effect of this variable is seen to be well reflected in the punching failure load predictions 508 

(Fig.17Fig. 17).  509 

ACI 318-14 offers an easily applied formulation, but only considers the effect of slenderness (χ in Table 510 

2Table 2) for very deep pile caps (w/d<0.5). The marked tendency of this variable towards unsafe 511 

predictions for the deepest elements can be seen in Fig.18Fig. 18. The CSRI Special Investigation [31]should 512 

be revised to include punching of medium slender pile caps (0.5<w/d≤1) to improve the brittle failure 513 

predictions of these specimens.  514 

MC-2010 (LoAI) allows the slenderness to be considered by means of the ratio rs/d, which is included in 515 

the calculation of slab rotation (ψ), as part of the punching formulation. Although these predictions are safe, 516 

they do not completely capture the influence of the shear span-depth ratio in specimens without stirrups 517 

(Fig.19Fig. 19). 518 

7.3. Influence of the additional secondary horizontal reinforcement 519 

The formulations considered to determine pile cap flexural capacity (Vflex) allow for the contribution of 520 

all of the longitudinal reinforcement, and so manage to capture the greater strength of pile caps with 521 

secondary horizontal reinforcement (compare flexure governing results in Fig.17Fig. 17, Fig.18Fig. 18 and 522 

Fig.19Fig. 19). 523 
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EC-2 considers the ratio of longitudinal tension reinforcement (ρl) as a variable in the punching 524 

formulation, thus the ultimate load predictions for Types 1 and 2 pile caps (Fig.17Fig. 17a) are well fitted 525 

with the experimental failure load .     526 

VeryD different ratios Vue/VRd,cs between the slenderest Type 1 and Type 2 specimens are found in 527 

Fig.18a. This is because Tthe punching formulation in ACI 318-14 does not allow for the  ratio of longitudinal 528 

reinforcement and, as a consequence, it cannot capture the influence of including secondary horizontal 529 

reinforcement. very different ratios Vue/VRd,cs between the slenderest Type 1 and Type 2 specimens are 530 

found in Fig. 18a. 531 

Neither does the punching verification in MC-2010 allow the effect of the ratio of longitudinal 532 

reinforcement to be considered at the first level of approximation (LoA1). Higher approximation levels 533 

would allow it to be considered by comparing the average bending moment with the design average flexural 534 

strength, when calculating the rotation of the element (ψ). A notable difference in the strength predictions 535 

can also be detected between the slenderest Type 1 and 2 specimens (Fig.19Fig. 19a). 536 

7.4. Influence of the shear reinforcement 537 

EC-2 overestimates the contribution of the stirrups to the punching strength (Fig.17Fig. 17c). The 538 

effective shear reinforcement criterion used for slabs (Asw within 75% of 2d) is possibly not appropriate for 539 

deep pile caps, in which such a flat punching surface is not developed.  The ACI 318-14 and MC-2010 540 

formulations only consider effective the stirrups arranged within 1d from the column perimeter, which 541 

ensures safe predictions in all cases (Fig.18Fig. 18c, Fig.19Fig. 19c). 542 

7.5. Influence of the load eccentricity 543 

Although each code proposes a different approach to consider eccentricity through the β factor 544 

indicated in Table 2Table 2, the predictions for pile caps under eccentric loads follow a similar trend to those 545 

tested under centered loads (Fig.17Fig. 17b, c, Fig.18Fig. 18b, c and Fig.19Fig. 19 b, c). That is, i.e. the models 546 

properly consider eccentricity, regardless of any variations in the other parameters. 547 
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Table 8 Failure load predicted by the STM and the sectional design methods of EC-2, ACI 318-14 and MC-2010 548 

 VSTM-1(kN) VSTM-2(kN) Vflex (kN) VRd,cs (kN) 

 SP-273 ACI 
EC-2, 

MC-2010 

ACI 
318-14 

EC-2 ACI 318-14 MC-2010 

 (1*)  (2*) (3*) (4*) (1),(1*)  (2)  (3)  (4)  (1)  (2)  (3)  (4) 

4P-N-A1 533.6 533.6 813.3 670.9 639.5 581.3 545.0 710.0 410.6 794.5 575.5 941.1 624.2 801.1 431.3 1003.0 

4P-N-A2 533.6 736.8 1107.0 910.6 727.5 661.3 619.9 807.7 436.1 820.3 594.2 971.7 644.5 827.2 445.3 1035.6 

4P-N-A3 533.6 736.8 1108.2 911.8 818.8 1148.6 997.7 1271.8 439.4 1417.4 1046.4 1242.5 649.9 922.1 734.6 1044.4 

4P-N-B1 539.0 539.0 843.4 699.1 889.8 864.5 670.0 860.2 1245.8 b 1022.9 1568.4 849.7 1493.6 730.7 1503.1 

4P-N-B2 539.0 738.8 1145.7 948.1 978.0 950.2 736.5 945.5 1245.4 b 1006.9 1543.9 836.5 1470.3 719.3 1479.6 

4P-N-B3 539.0 738.8 1151.1 953.4 1110.8 1483.6 1304.1 1469.8 1679.4 b 1301.3 1677.7 909.0 1597.7 957.4 1607.8 

4P-N-C1 552.0 552.0 873.7 725.7 1266.1 1275.7 881.3 1119.6 3162.3 b 1756.3 2565.6 1160.8 2040.4 1093.6 2007.8 

4P-N-C2 552.0 809.0 1276.8 1059.9 1501.4 1512.8 1045.1 1327.7 3400.5 b 1873.4 2736.7 1238.3 2176.5 1166.5 2141.7 

4P-N-C3 552.0 809.0 1275.8 1058.9 1513.5 1945.6 1544.1 1751.6 3628.3 b 1814.3 2650.4 1199.2 2107.8 1327.0 2074.1 

4P-NMM-A2 429.8 593.5 720.2 566.5 a 463.6 516.4 566.2 a 595.7 511.2 705.6 a 600.7 372.4 820.6 

4P-NMM-A3 429.8 593.5 722.8 568.9 a 769.6 808.4 868.2 a 988.6 822.0 840.4 a 623.3 598.7 851.4 

4P-NMM-B2 425.7 583.5 729.7 577.1 a 717.6 660.7 714.0 a b 1013.9 1253.3 a 1193.6 660.0 1349.2 

4P-NMM-B3 425.7 583.5 724.9 572.7 a 948.7 1008.0 955.7 a b 1024.8 1080.3 a 1028.7 691.9 1162.9 

4P-NMM-C2 466.9 684.3 857.6 678.5 a 914.2 750.3 802.4 a b 1394.6 1590.6 a 1265.0 718.5 1413.3 

4P-NMM-C3 466.9 684.3 858.0 678.9 a 1214.9 1170.9 1114.9 a b 1413.5 1612.1 a 1282.1 870.8 1432.4 

4P-NM-A2 356.6 492.4 787.8 647.6 514.6 467.7 468.1 571.3 305.6 572.2 441.2 677.8 449.6 577.0 347.3 773.2 

4P-NM-A3 356.6 492.4 794.0 653.6 588.6 821.5 777.1 928.1 322.6 1020.6 790.3 886.6 477.8 644.4 596.1 821.8 

4P-NM-B2 353.2 484.1 807.7 669.1 754.6 733.2 606.6 729.5 985.2 b 891.8 1226.9 664.7 1168.4 631.5 1288.3 

4P-NM-B3 353.2 484.1 806.2 667.6 787.3 1049.5 1003.6 1058.3 1184.7 b 1018.1 1184.5 641.7 1128.0 743.3 1243.7 

4P-NM-C2 387.4 567.7 954.1 791.4 1000.2 1007.8 743.1 884.4 2177.0 b 1374.6 1744.8 789.5 1387.7 775.3 1526.1 

4P-NM-C3 387.4 567.7 954.6 791.9 1044.6 1344.6 1166.4 1235.4 2442.4 b 1396.4 1772.6 802.0 1409.7 943.6 1550.3 

VSTM-1: failure load predicted by the STM considering the main reinforcement  (AsB) to derive the yield strength of the ties; VSTM-2: failure load predicted by the STM considering the 
main reinforcement (AsB+AsH) to derive the yield strength of the ties; Vflex: flexural strength; VRd,cs: punching shear resistance of concrete and stirrups; 
Control sections defined in Fig.3Fig. 3: (1),(2): shear planes of failure; (1*),(2*): shear planes of failure, considering an enhanced strength of concrete; (3): control section of 
punching around the column; (3*): control section of punching around the column, considering an enhanced strength of concrete; (4): control section of punching around the pile; 
(4*): control section of punching around the pile, considering an enhanced strength of concrete 
a: not applicable for biaxial bending. Only the corner shear check is performed. 
b: not applicable to pile caps with slenderness w/d<1. No CRSI Special Investigation [31]exists for corner shear. 

  549 
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Table 9 Experimental-to-predicted failure load by the STM and sectional design methods 550 

 Vu,e(kN) Vu,e/VSTM-1 Vu,e/VSTM-2 Vu,e/Vmin-1 (failure mode) Vu,e/Vmin-2 (failure mode) Vu,e/Vobs (failure mode) 

  SP-273 ACI EC-2 ACI 318-
14 MC-2010 EC-2 ACI 318-

14 MC-2010 EC-2 ACI 318-
14 MC-2010 

4P-N-A1 613.9 1.15 1.15 1.13 (3*) 1.50 (1) 1.42 (3) 1.13 (3*) 1.07 (3) 1.42 (3) 1.13 (3*) 1.07 (3) 1.42 (3) 

4P-N-A2 821.7 1.54 1.12 1.33 (3*) 1.88 (1) 1.85 (3) 1.33 (3*) 1.38 (3) 1.85 (3) 1.33 (3*) 1.38 (3) 1.85 (3) 

4P-N-A3 981.5 1.84 1.33 1.20 (1*) 2.23 (1) 1.51 (1) 0.98 (3*) 1.45 (3) 1.34 (3) 0.98 (3*) 1.45 (3) 1.34 (3) 

4P-N-B1 756.2 1.40 1.40 1.13 (3*) 1.08 (f) 1.03 (3) 1.13 (3*) 0.74 (f) 1.03 (3) 1.13 (3*) 0.74 (3) 1.03 (3) 

4P-N-B2 872.6 1.62 1.18 1.18 (3*) 0.92 (f) 1.21 (3) 1.18 (3*) 0.87 (f) 1.21 (3) 1.18 (3*) 0.87 (3) 1.21 (3) 

4P-N-B3 1127.8 2.09 1.53 1.02 (1*) 1.18 (f) 1.24 (1) 0.98 (f) 1.03 (f) 1.18 (3) 0.86 (3*) 1.03 (3) 1.18 (3) 

4P-N-C1 957.5 1.73 1.73 1.10 (f) 1.32 (f) 1.10 (f) 1.10 (f) 1.32 (f) 1.10 (f) 1.10 (f) 1.32 (f) 1.10 (f) 

4P-N-C2 1173.9 2.13 1.45 1.12 (3*) 1.11 (f) 1.01 (3) 1.12 (3*) 0.63 (f) 1.01 (3) 1.12 (3*) 0.63 (3) 1.01 (3) 

4P-N-C3 1317.3 2.39 1.63 1.03 (f) 1.24 (f) 1.10 (1) 1.03 (f) 1.24 (f) 1.03 (f) 1.03 (f) 1.24 (f) 1.03 (f) 

4P-NMM-A2 594.5 1.38 1.00 1.28 (2*) 1.16 (3) 1.60 (3) 1.15 (3*) 1.16 (3) 1.60 (3) 1.15 (3*) 1.16 (3) 1.60 (3) 

4P-NMM-A3 769.8 1.79 1.30 1.07 (f) 1.35 (f) 1.29 (3) 1.07 (f) 1.41 (3) 1.29 (3) 0.95 (3*) 1.41 (3) 1.29 (3) 

4P-NMM-B2 763.2 1.79 1.31 1.16 (3*) 1.32 (f) 1.16 (3) 1.16 (3*) 0.75 (f) 1.16 (3) 1.16 (3*) 0.75 (3) 1.16 (3) 

4P-NMM-B3 826.4 1.94 1.42 1.14 (f) 1.44 (f) 1.19 (3) 1.14 (f) 0.95 (f) 1.19 (3) 0.86 (4*) 0.95 (3) 1.19 (3) 

4P-NMM-C2 970.1 2.08 1.42 1.29 (3*) 1.43 (f) 1.35 (3) 1.29 (3*) 0.70 (f) 1.35 (3) 1.29 (3*) 0.70 (3) 1.35 (3) 

4P-NMM-C3 1076.0 2.30 1.57 1.25 (f) 1.58 (f) 1.25 (f) 1.25 (f) 1.59 (f) 1.25 (f) 1.25 (f) 1.59 (f) 1.25 (f) 

4P-NM-A2 583.7 1.64 1.19 1.25 (2*) 1.91 (1) 1.68 (3) 1.25 (3*) 1.32 (3) 1.68 (3) 1.25 (3*) 1.32 (3) 1.68 (3) 

4P-NM-A3 788.1 2.21 1.60 1.34 (1*) 2.44 (1) 1.65 (1) 1.01 (3*) 1.53 (3) 1.32 (3) 1.01 (3*) 1.53 (3) 1.32 (3) 

4P-NM-B2 755.3 2.14 1.56 1.25 (3*) 1.13 (f) 1.20 (3) 1.25 (3*) 0.85 (f) 1.20 (3) 1.25 (3*) 0.85 (3) 1.20 (3) 

4P-NM-B3 821.1 2.32 1.70 1.04 (1*) 1.23 (f) 1.28 (1) 1.02 (f) 0.95 (f) 1.10 (3) 0.82 (3*) 0.95 (3) 1.10 (3) 

4P-NM-C2 915.7 2.36 1.61 1.23 (3*) 1.16 (f) 1.18 (3) 1.23 (3*) 0.67 (f) 1.18 (3) 1.23 (3*) 0.67 (3) 1.18 (3) 

4P-NM-C3 1004.1 2.59 1.77 1.05 (f) 1.27 (f) 1.25 (1) 1.05 (f) 1.27 (f) 1.06 (3) 1.05 (f) 1.27 (f) 1.05 (f) 

 MEAN 1.93 1.43 1.17 1.42 1.31 1.14 1.27 1.26 1.10 1.09 1.26 

 COV 0.20 0.15 0.09 0.27 0.17 0.09 0.13 0.17 0.13 0.28 0.17 

Vu,e: experimental failure load at column; VSTM-1: failure load predicted by the STM considering the main reinforcement (AsB) to derive the yield 
strength of the ties; VSTM-2: failure load predicted by the STM considering the main reinforcement (AsB+AsH) to derive the yield strength of the 
ties;Vmin-1: minimum resistance predicted by the codes;Vmin-2: minimum resistance predicted by the codes excluding shear failures; VOBS: 
resistance predicted by the codes according to the observed mode of failure; 
Control sections defined in Fig.3Fig. 3: (1),(2): shear planes of failure; (1*),(2*): shear planes of failure, considering an enhanced strength of 
concrete; (3): control section of punching around the column; (3*): control section of punching around the column, considering an enhanced 
strength of concrete; (4): control section of punching around the pile; (4*): control section of punching around the pile, considering an 
enhanced strength of concrete 

 551 
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8. Conclusions 552 

This paper describes an experimental campaign with 21 four-pile caps to study the influence of 553 

eccentric loads, slenderness and secondary reinforcement. The main conclusions drawn from these 554 

experiments are as follows: 555 

1. Most pile caps without vertical secondary reinforcement showed brittle failures after yielding of the 556 

bunched reinforcement, with clear evidence of a punching failure surface. The presence of vertical 557 

reinforcement (stirrups) increases the ductility and the maximum loadMost pile caps without 558 

vertical secondary reinforcement showed brittle failures after yielding of the bunched 559 

reinforcement, with clear evidence of a punching failure surface.    560 

2. In pile caps with the same design load according to STM, the failure load decreased as slenderness 561 

(w/d) increased. 562 

3.2.  As expected, The the presence of horizontal secondary reinforcement reduces cracking in the base 563 

and improves pile cap strength. 564 

4. The presence of vertical secondary reinforcement (stirrups) also increases the maximum load and 565 

improves the ductility of the element. 566 

5.3. When eccentric loads are applied to the column, the maximum pile reaction at failure is 567 

greaterlarger than that reached without eccentricity. The observed increase has been up to 26%the 568 

ultimate load is reduced but the maximum pile reaction is increased by up to 26%.      569 

6.4. Under eccentric loads the influence of slenderness and the contribution of the secondary 570 

reinforcement are similar to the case of centered loads.  571 

The experimental results were used to compare the pile cap design methods accepted by codes EC-2, 572 

ACI 318-14 and MC-2010: strut-and-tie models and the sectional approach. The conclusions reached from 573 

this comparison are as follows:  574 

7.5. STM provide a lower bound of the pile cap strength (mean: 1.43, COV: 0.15), but the higher span-575 

depth ratio (w/d) the lower safety margin. Usual strut-and-tie models allows to consider eccentric 576 

loads without losing safety margin, but nevertheless they cannot capture the contribution of the 577 

vertical secondary reinforcement. The presence of horizontal secondary reinforcement can be 578 
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considered as part of the ties, but an efficiency factor less than one should be applied.STM provides 579 

a lower bound of the pile cap strength (mean: 1.43, COV: 0.15), although it is not possible to predict 580 

the failure mode after yielding of ties. Neither do they adequately capture the influence of the 581 

slenderness or the presence of vertical secondary reinforcement. On the other hand, STM are able to 582 

consider eccentric loads, including tension forces transmitted from the column.       583 

8.6. Obtaining pile cap strength following the sectional approach of EC-2, ACI 318-14 and MC-2010 leads 584 

to safe failure load predictions (EC-2 mean: 1.17, COV: 0.09; ACI 318-14 mean: 1.42, COV: 0.27; MC-585 

2010 mean: 1.31, COV: 0.17), although the limiting failure modes do not always match with those 586 

experimentally observed. Comparisons without including shear failure modes are also safe and 587 

come closer to the experimental results (EC-2 mean: 1.14, COV: 0.09; ACI 318-14 mean: 1.27, COV: 588 

0.13; MC-2010 mean: 1.26, COV: 0.17). 589 

9. When the flexural capacity is limiting, the ACI 318-14 formulation is more conservative than EC-2 590 

and MC-2010 due to the control section being at c/4 away from the column centerline.  591 

10.7.  When failure is due to punching all the codes properly capture the influence of load 592 

eccentricity.  593 

11.8.  EC-2 requires multiple hypotheses to apply its punching formulation to pile caps, such as 594 

considering the enhancement of an effective width of concrete [2]. Comparison with the 595 

experimental tests confirms that the enhancement factor is efficient to capture the effect of 596 

slenderness on punching failures (Fig.17Fig. 17). The EC-2 formulation allows adequate 597 

consideration of the horizontal secondary reinforcement on strength through the ratio of 598 

longitudinal tension reinforcement (ρl). However, EC-2 overestimates the contribution of the 599 

stirrups to the punching strength, leading to the unsafe predictions in some specimens are slightly 600 

unsafe when the contribution of the punching reinforcement is considered..          601 

12.9. ACI 318-14 includes a specific punching shear formulation [31] for the deepest pile caps and 602 

thus does not require the designer to adopt additional hypotheses. Although this is a big advantage, 603 

in the case of medium-slender pile caps (0.5<w/d<1) the influence of the shear span-depth ratio is 604 

not adequately captured and the strength of the deepest is overestimated (Fig.18Fig. 18). The ACI 605 
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318-14 formulation does not consider the influence of the ratio of longitudinal tension 606 

reinforcement in the strength, which has indeed been found experimentally relevant. The secondary 607 

vertical reinforcement can be considered as punching reinforcement, although only the stirrups 608 

arranged inside the effective depth from the perimeter of the column are considered effective.     609 

10. The MC-2010 punching formulation can be directly applied to deep pile caps, although it is limited 610 

to elements with slenderness (w/d) greater than 0.5. With LoAI, the influence of the slenderness 611 

and the ratio of longitudinal tension reinforcement is not completely captured, although it fulfils the 612 

requirements for this level of approximation: to provide a simple and safe tool to assess the 613 

punching strength of the pile caps (Fig.19Fig. 19). The use of more accurate levels of approximation 614 

could improve the consideration of both these factors and will be the subject of future research for 615 

experimental comparison.  The effective contribution of punching reinforcement is well defined 616 

(between 0.35dv and dv from the column perimeter) and offers safe predictions. 617 

13. Further experimental investigation is needed to extend these conclusions to pile caps with other 618 

conditions than those of the experimental campaign carried out in this work. 619 
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