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Highlights 7 

• Stanchion uplift equals the factored stabilising load per stanchion times (η − 1). 8 

• Pedestal breakout resistance is capped independently of bolt size and grade. 9 

• Concrete-only anchorage ends at (H/B)2 = (H/B)1(1 + ρa). 10 

• Criterion matched 3D frame classification for 297 of 300 random towers. 11 

• At vb = 40 m/s, typical towers on 700 mm pedestals need anchor reinforcement. 12 
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Abstract 14 

Drained elevated steel tanks under skew wind can place windward stanchion bases in tension, 15 

and that tension must pass through headed bolts into concrete pedestals whose plan size limits 16 

the concrete breakout resistance. Current design practice discovers whether anchor 17 

reinforcement is needed only after the tower has been analysed and the pedestals sized. This 18 

paper derives a criterion that makes the decision at scheme stage. Rigid-group equilibrium 19 

with EN 1990 and EN 1991-1-4 actions shows that the design uplift equals the factored 20 

stabilising load per stanchion multiplied by (η − 1), where η is a dimensionless demand ratio. 21 

The EN 1992-4 narrow-member rule caps the breakout resistance of any symmetric bolt 22 

group in a square pedestal of side a at (√6/9)k₁√fck a
1.5/γMc, independent of bolt diameter and 23 

grade. Combining the two gives the base aspect ratio at which concrete-only anchorage ends, 24 

(H/B)2 = (H/B)1(1 + ρa), where (H/B)1 is the onset of uplift and ρa is the ratio of total pedestal 25 

resistance to factored stabilising load. The criterion was checked against a three-dimensional 26 

frame model over 108 configurations and classified 297 of 300 randomly generated towers in 27 

the same region as frame analysis combined with EN 1992-4; an 8% demand allowance for 28 

multi-leg towers with corner-supported tanks removed the single unconservative case. At a 29 

basic wind velocity of 40 m/s, (H/B)2 was 1.37 to 2.17 for a 15 m tower with a 100 m³ tank 30 
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on 700 mm C30/37 pedestals, well below the aspect ratios of built towers, so anchor 31 

reinforcement should be planned from the outset. 32 

Keywords: elevated water tank; uplift; concrete breakout; pedestal; anchor reinforcement; 33 

skew wind; EN 1992-4 34 

 35 

1. INTRODUCTION 36 

Elevated water tanks supported on steel lattice or braced-frame towers are common in 37 

municipal, institutional and industrial water supply. Where seismic actions are small, their 38 

lateral design is governed by wind. Steel and glass-reinforced plastic panel tanks weigh only 39 

a fraction of the water they hold, so the stabilising load available to resist overturning is 40 

smallest when the tank is drained, which is also the condition in which the wind area is 41 

unchanged. Under wind at skew to the stanchion grid, the windward corner stanchion can 42 

then be placed in tension. 43 

The tension must travel from the base plate through cast-in headed bolts into a concrete 44 

pedestal. Pedestals are usually sized from the base plate, typically 600 to 900 mm square, 45 

long before the anchorage is checked. In a member this narrow, the idealised breakout body 46 

of a deep anchor meets the side faces, and the concrete breakout resistance given by EN 47 

1992-4 [1] and ACI 318-19 [2] stops increasing with embedment. When the design uplift 48 

exceeds that bounded resistance, the anchorage must be carried by anchor reinforcement, 49 

which changes the embedment, the reinforcement layout and often the pedestal size. In 50 

current practice this is found only after the tower analysis, the pedestal geometry and the bolt 51 

layout have been fixed. 52 

The codes do not index this transition to the geometry of the supported structure. EN 1990 [3] 53 

and EN 1991-1-4 [4] deliver the load combination and the wind actions; EN 1993-3-1 [5] 54 

treats base reactions as analysis output; EN 1992-4 [1], ACI 318-19 [2] and base-plate 55 

guidance [6] check a given anchor force against a given member. No criterion was found in 56 
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the literature reviewed that states, in terms of quantities available before analysis, the base 57 

aspect ratio above which a pedestal can no longer rely on concrete breakout. 58 

This paper derives such a criterion and tests it. Its contributions are: 59 

1. a dimensionless demand ratio η, with the identity η = (Nc + Nt)/(Nc − Nt) that recovers 60 

it from any two reported extreme reactions; 61 

2. a bound on the EN 1992-4 breakout resistance of symmetric bolt groups in square 62 

pedestals that is independent of bolt size and grade; 63 

3. the transition criterion (H/B)2 = (H/B)1(1 + ρa), verified against a three-dimensional 64 

frame model and a 300-tower Monte Carlo sample, with a worked design procedure. 65 

The criterion is a rearrangement of existing code provisions, not a new resistance model. Its 66 

value lies in when it can be applied: at scheme stage, from the tank, tower and pedestal 67 

dimensions alone. 68 

2. BACKGROUND 69 

2.1 Wind Actions and Base Reactions of Lattice Towers 70 

Wind-tunnel and aeroelastic studies of lattice towers show that code values of the quantities 71 

entering the base reactions may be low. Zhou et al. [7] found that standards underestimate the 72 

skewed wind load factor of tower bodies by at least 10%, and D. Zhang et al. [8] and Tang et 73 

al. [9] reported that skewed load factors vary with geometry in ways the codes do not capture. 74 

W. Zhang et al. [10] found the most unfavourable attack angles away from 45°. Jeddi et 75 

al. [11] measured drag coefficients and gust response factors up to 12% and 13% above 76 

recommended values, and Azzi et al. [12] found a resonant contribution of up to 18% of the 77 

peak response of a self-supported lattice tower. These studies end at the member forces or 78 

base reactions of specific towers; none relates the reactions to the anchorage resistance of the 79 

foundation. 80 

The tank literature addresses a different part of the problem. For ground-supported tanks, the 81 

empty condition governs uplift of the bottom plate [13] and shell buckling under wind [14]. 82 

For elevated tanks, research has concentrated on seismic response, where the full tank is 83 
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usually critical [15,16], on isolation [17], and on the wind reliability of heavy concrete 84 

reservoirs [18]. The empty-tank uplift of light steel-tank towers has received little attention. 85 

2.2 Concrete Breakout in Narrow Members 86 

The breakout model of EN 1992-4 and ACI 318-19 derives from the concrete capacity design 87 

(CCD) method [19,20], in which the resistance of a single anchor grows with hef
1.5 and is 88 

reduced by the ratio of projected areas where edges or neighbouring anchors truncate the 89 

failure body. For anchors close to three or more edges, both codes replace hef by a modified 90 

embedment h′ef fixed by the largest edge distance and the largest spacing [1,2]. Stehle and 91 

Sharma [21] showed that this narrow-member approach is conservative, and Karmokar et 92 

al. [22] noted that deep anchors lie outside the range on which the CCD method was 93 

calibrated. Qian et al. [23] observed that deep anchor groups in members of limited width can 94 

fail by splitting, and Bokor et al. [24] and Sharma and Eligehausen [25] showed that the CCD 95 

method presupposes a linear distribution of anchor forces, which a flexible base plate may 96 

not provide. 97 

2.3 Column Bases and Anchor Reinforcement 98 

For column bases, the concrete breakout check is performed once the anchor forces are 99 

known [6,26,27]. Grilli and Kanvinde [26] found the CCD method accurate for embedded 100 

column-base anchor groups, with a mean test-to-prediction ratio of 0.99. Kishiki et al. [27] 101 

found that column reinforcement engaged only after concrete breakout, whereas Worsfold 102 

and Moehle [28] proposed an additive design for column-foundation connections. Tests on 103 

anchor reinforcement [29–32] show that it can replace the concrete contribution, although 104 

Petersen et al. [29] found that code-conforming reinforcement did not always ensure steel 105 

failure of the anchor. What these studies share is the order of operations: the anchor force 106 

comes first and the anchorage check follows. The present criterion reverses that order for 107 

towers. 108 

 109 



5 

3. FORMULATION 110 

3.1 Scope and Assumptions 111 

The tower is prismatic with vertical stanchions on a regular nx by ny grid of weak-axis width 112 

B and height H to the tank floor. The tank is carried on a top grillage. Each stanchion is 113 

anchored by a symmetric group of cast-in headed bolts in its own square pedestal of side a, 114 

and the pedestals bear on a common raft or on foundations of uniform stiffness. The 115 

governing combination for uplift is the drained tank under skew wind. Fig. 1 defines the 116 

geometry, and Table 1 lists the assumptions and where each is tested. 117 

 118 

Fig. 1. Definitions: (a) tower elevation with the windward stanchion in tension; (b) plan of a 2 by 2 119 
group under skew wind; (c) pedestal of side a with the effective breakout body limited to h′ef by the 120 
narrow-member rule. 121 

Table 1. Principal assumptions. 122 
Assumption Basis Tested in 
Base reactions follow a rigid-group (linear) 

distribution 
Stiff grillage and uniform 

supports 
Section 5.2, frame 

model 
Drained tank with skew wind governs uplift Minimum stabilising load, 

unchanged wind area 
Section 6.3 

Skew wind: κ/2 of each orthogonal moment, κ = 
1.70 

Design convention of the case 

study 
Section 5.1, sensitivity 

Breakout resistance to EN 1992-4 with the 

narrow-member rule, cracked concrete 
Current European standard Section 6.1, ACI 318-19 

comparison 
Pedestal bars and links not credited Not detailed as anchor 

reinforcement 
Section 6.3 

Wind actions to EN 1991-1-4, terrain category II, 

cs cd = 1 
Quasi-static design value Section 6.3 



6 

3.2 Design Reaction and Demand Ratio 123 

With stanchions at (xj, yj) about the group centroid and orthogonal characteristic moments My 124 

and Mx, the skew convention combines κ/2 of each. The design reaction at the windward 125 

corner is then 126 

𝑁ாௗ = ொߛ  ఑2 (ெ೤ௐೣ + ெೣௐ೤) − ௜௡௙,ீߛ  ீ೐೘೛೟೤௡  (1) 127 

where Wx = Σxj²/xmax and Wy = Σyj²/ymax are group moduli, n is the number of stanchions, 128 

Gempty is the characteristic permanent load with the tank empty, and γQ = 1.5 and γG,inf = 1.0 129 

are the partial factors of EN 1990 [3]. Defining the equivalent weak-axis moment Meq = 130 

(κ/2)(My + Mx Wx/Wy), the group coefficient λg = Wx/(nB) and the uplift index Λ = 131 

Meq/(Gempty B), Eq. (1) becomes 132 

𝑁ாௗ = ఊಸ,೔೙೑ ீ೐೘೛೟೤௡ ߟ) − ߟ  ,(1 = ఊೂ  ௸ఊಸ,೔೙೑ ఒ೒ (2) 133 

The demand ratio η is the factored overturning demand at the corner stanchion divided by the 134 

factored stabilising load per stanchion. Uplift begins at η = 1 and the design uplift is 135 

proportional to η − 1. For any two-row group, Σxj² = n(B/2)², so λg = 1/2 regardless of the 136 

number of stanchions per row; for a 3 by 3 group λg = 1/3. 137 

3.3 Onset of uplift 138 

Writing the orthogonal moment as M = ζFH, where F is the total characteristic wind force 139 

and ζ the height of its resultant as a fraction of H, and ω = F/Gempty for the wind-to-weight 140 

ratio, the condition η = 1 for a square group (Meq = κM) gives the base aspect ratio at the 141 

onset of uplift: 142 

(ு஻)1 = ఊಸ,೔೙೑ ఒ೒ఊೂ ఑ ఍ ఠ  (3) 143 

When the lattice wind area does not depend on B, ζ and ω are independent of the base width 144 

and Eq. (3) is exact within the rigid-group idealisation. Because ω is proportional to vb² and 145 
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inversely proportional to Gempty, (H/B)1 falls with the square of the basic wind velocity and 146 

rises in proportion to the empty stabilising load. 147 

3.4 Demand Ratio From Reported Reactions 148 

For a doubly symmetric group under one combination, the windward tension and the 149 

diagonally opposite compression are Nt = X − g and Nc = X + g, with X the factored 150 

overturning term and g = γG,inf Gempty/n. Hence 151 

ߟ = ே೎+ே೟ே೎−ே೟ (4) 152 

so the demand ratio of any analysed tower can be recovered from its two extreme reactions. 153 

For the design case that motivated this study, Nt = 566.3 kN and Nc = 731.2 kN, giving η = 154 

7.87 and an implied factored stabilising load of 82.5 kN per stanchion. 155 

3.5 Pedestal Ceiling 156 

Consider a symmetric group whose outer anchors span gx = gy = g in a square pedestal of side 157 

a, with an embedment deep enough for the narrow-member rule of EN 1992-4 to govern. The 158 

outer edge distance is c = (a − g)/2 and the largest spacing is g, so h′ef = max[(a − g)/3, g/3]. 159 

For g ≤ a/2, the projected area reaches the pedestal faces, Ac,N = a², A⁰c,N = 9h′ef² and ψs,N = 1, 160 

so that 161 

𝑁ோௗ,௖(݃) = ௞1√௙೎ೖ ௔231.5 ఊಾ೎√௔−௚ ,  ݃ ≤ ܽ/2 (5) 162 

which increases with g. For g ≥ a/2, h′ef = g/3 and ψs,N = 0.7 + 0.3(a − g)/g, and the resistance 163 

decreases with g. The maximum occurs at g = a/2, with the bolts at the quarter points: 164 

𝑁ோௗ,௖,௠௔௫ = ߮௚  ௞1√௙೎ೖ ௔1.5ఊಾ೎ ,  ߮௚ = √69 = 0.272 (6) 165 

For a single central anchor, φg = 3−1.5 = 0.192. With k₁ = 8.9 (cracked, cast-in) and γMc = 1.5, 166 

Eq. (6) gives 163.8 kN for a 700 mm pedestal of C30/37 concrete. The ceiling contains no 167 

bolt property: once the embedment exceeds the plateau depth, no choice of bolt diameter, 168 
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grade or length raises the calculated breakout resistance. For practical bolt groups in such 169 

pedestals, the steel resistance exceeds the ceiling; four M24 grade 4.6 bolts have a design 170 

steel resistance of 282 kN, 1.7 times the ceiling, and pull-out resistances are larger still. The 171 

pedestal side required to carry a tension NEd on concrete alone follows by inversion: 172 

ܽ௥௘௤ = ( ఊಾ೎ ேಶ೏ఝ೒ ௞1√௙೎ೖ)2/3 (7) 173 

3.6 Transition Criterion 174 

Equating Eq. (2) with the resistance available at one stanchion gives the boundary between 175 

concrete-only anchorage and anchor reinforcement: 176 

ߟ = 1 + ௔ߩ ௔ߩ  , = ௡ ேೃ೏,೎ఊಸ,೔೙೑  ீ೐೘೛೟೤ (8) 177 

The pedestal capacity ratio ρa compares the breakout resistance of the whole foundation with 178 

the factored stabilising load; it contains no wind quantity. Because η is proportional to H/B 179 

when height, tank and wind are fixed, the transition occurs at 180 

(ு஻)2 = (ு஻)1 (1 +  ௔) (9) 181ߩ

and, substituting Eqs. (3) and (6), the largest aspect ratio for which a pedestal of side a can 182 

rely on concrete breakout is 183 

(ு஻)2,௠௔௫ = ఊಸ,೔೙೑ ఒ೒ఊೂ ఑ ఍ ఠ [1 + ௡ ఝ೒ ௞1√௙೎ೖ ௔1.5ఊಾ೎  ఊಸ,೔೙೑ ீ೐೘೛೟೤] (10) 184 

Equations (2) and (8) divide towers into three regions: Region I (η ≤ 1), in which every base 185 

is in compression; Region II (1 < η ≤ 1 + ρa), in which uplift occurs but concrete breakout 186 

suffices; and Region III (η > 1 + ρa), in which anchor reinforcement is required. Equation (9) 187 

shows that the width of Region II, measured by the ratio of the two thresholds, depends on ρa 188 

alone. 189 

 190 
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3.7 Two Corollaries 191 

In Region III, EN 1992-4 replaces the breakout check by checks on the anchor reinforcement. 192 

If a bar is placed a horizontal distance e from the anchor and the idealised failure surface falls 193 

at 1 in 1.5 from the head, the bar crosses the surface at depth hef − e/1.5; developing an 194 

anchorage length l₁ above that crossing with top cover c requires 195 

ℎ௘௙ ≥ ݈1 + ௘1.5+ ܿ (11) 196 

This geometric reading of the anchor-reinforcement model is not a clause of the code, but it 197 

shows that a Region III embedment is set by the reinforcement, not by the cone. Second, 198 

because NEd is a difference of two terms, a proportional error in the wind moment is 199 

amplified in the uplift: 200 

௱ேಶ೏ேಶ೏ = ఎఎ−1  ௱ெெ  (12) 201 

4. VERIFICATION METHODS 202 

4.1 Reference Towers and Actions 203 

Two reference towers were defined. RT-S has H = 15 m, B = 3.4 m (H/B = 4.41), a 2 by 2 204 

stanchion grid and a 100 m³ steel panel tank, 5.0 by 5.0 by 4.0 m, with an empty tank ratio εt 205 

(tank self-weight over water weight) of 0.1. RT-H is identical except that εt = 0.6. The tower 206 

self-weight was 4 kN/m and the grillage 25 kN. Wind actions followed EN 1991-1-4 [4] in 207 

terrain category II, with a tank force coefficient of 1.5 and lattice force coefficients from EN 208 

1993-3-1 [5]. A basic wind velocity of 40 m/s was adopted as the reference value, 209 

representing a high-wind site; all thresholds are also reported from 20 to 45 m/s. 210 

4.2 Three-Dimensional Frame Model 211 

A linear-elastic space-frame solver (direct stiffness method, six degrees of freedom per node) 212 

was written for the study. It generates braced towers with 2 by 2, 2 by 3 and 3 by 3 stanchion 213 

grids, circular hollow section legs, angle bracing, a top grillage whose stiffness was scaled by 214 

kg = 0.1, 1 and 10, and a rigid tank linked either to the corner stanchions or to all stanchion 215 
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heads. The same factored loads were applied to the frame and to Eq. (1) for 108 combinations 216 

of layout, base fixity (pinned or fixed), grillage stiffness, tank support and wind direction. 217 

The solver was checked against closed-form cantilever deflections and, for the four-leg 218 

pinned tower, against Eq. (1) to 10⁻⁹ kN. 219 

4.3 Monte Carlo Validation 220 

Three hundred towers were drawn from uniform distributions with a fixed seed: layout 2 by 221 

2, 2 by 3 or 3 by 3; H = 8 to 25 m; H/B = 1 to 6; capacity 30 to 250 m³; εt = 0.1 to 0.6; vb = 20 222 

to 40 m/s; pedestal side 600, 700 or 900 mm; fck = 25, 30 or 35 MPa. Each tower was 223 

classified into Region I, II or III twice: by the closed form, Eqs. (2) and (8), and by the frame 224 

model combined with the EN 1992-4 resistance of its pedestal. The derivations of Section 3 225 

were also verified symbolically with a computer algebra system; every identity returned zero 226 

and the coefficient of Eq. (6) returned √6/9. 227 

5. RESULTS 228 

5.1 Reference Towers and the Onset of Uplift 229 

For RT-S at vb = 40 m/s, the peak velocity pressure at the tank centroid (z = 17 m) was 2.70 230 

kPa, the tank wind force 81.0 kN and the lattice force 47.5 kN, giving an orthogonal 231 

overturning moment of 1796 kN m with ζ = 0.932 and ω = 0.702. The drained skew 232 

combination produced a design uplift of 627.7 kN at the windward corner, 1.79 times the 233 

orthogonal value of 350.4 kN. Equation (3) gives (H/B)1 = 0.5/(1.5 × 1.70 × 0.932 × 0.702) = 234 

0.30, equal to the root-finding solution; across 180 combinations of height, velocity, capacity 235 

and εt, the closed form agreed with root-finding to within 10⁻¹¹%. For RT-H, (H/B)1 = 1.10. 236 

Table 2 reports the onset threshold and the transition threshold for the 15 m tower with a 100 237 

m³ tank on 700 mm pedestals. At the reference wind speed, a tower carrying a light tank lifts 238 

at any aspect ratio above 0.30, far below the range of built towers, so uplift is the normal 239 

condition rather than a feature of slender towers. The ratio of the two thresholds is constant 240 

down each column, as Eq. (9) requires. 241 
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Table 2. Thresholds (H/B)1 and (H/B)2 for H = 15 m, V = 100 m³, a = 700 mm, C30/37 cracked, 242 
optimal 2 by 2 group. 243 
vb (m/s) εt = 0.1: (H/B)1 (H/B)2 εt = 0.3: (H/B)1 (H/B)2 εt = 0.6: (H/B)1 (H/B)2 
20 1.20 5.48 2.48 6.76 4.41 8.69 
30 0.53 2.43 1.10 3.01 1.96 3.86 
40 0.30 1.37 0.62 1.69 1.10 2.17 
45 0.24 1.08 0.49 1.34 0.87 1.72 
1 + ρa 4.57  2.72  1.97  

 244 

The sensitivity of (H/B)1 to its parameters is summarised in Table 3. Because (H/B)1 is 245 

inversely proportional to the wind force, the percentage effects of the wind parameters are the 246 

same for both towers. Replacing the skew convention κ = 1.70 by √2, the value for a diagonal 247 

wind of the orthogonal magnitude, raises (H/B)1 by 20.2%; the convention therefore carries a 248 

margin whose adequacy depends on the skew aerodynamics discussed in Section 2.1. 249 

Table 3. Change in (H/B)1 (%) for low and high parameter values; base values 0.30 (RT-S) and 1.10 250 
(RT-H). 251 
Parameter (low / high) RT-S low RT-S high RT-H low RT-H high 
Terrain category (III / I) +32.0 −13.4 +32.0 −13.4 
Basic wind velocity (36 / 44 m/s) +23.5 −17.4 +23.5 −17.4 
Empty tank ratio (−40% / +40%) −21.4 +21.4 −35.0 +35.0 
Skew factor (1.41 / 1.70) +20.2 0.0 +20.2 0.0 
Tank force coefficient (1.2 / 1.8) +18.1 −13.3 +18.1 −13.3 
Structural factor cs cd (0.9 / 1.1) +11.1 −9.1 +11.1 −9.1 
Tower self-weight (3 / 5 kN/m) −8.2 +8.2 −2.2 +2.2 

 252 

5.2 Accuracy of the Rigid-Group Idealisation 253 

Fig. 2 compares the maximum design uplift from Eq. (1) with the frame result under skew 254 

wind. For the four-leg tower with pinned bases the two agree exactly, as symmetry requires; 255 

with fixed bases Eq. (1) is conservative by 0.6% to 0.7% because the stanchion bases carry a 256 

small share of the overturning in bending. For six-leg and nine-leg towers whose tank bears 257 

on all stanchion heads, the difference stays within 1.0%. When the tank bears on the corner 258 

stanchions alone, the overturning is delivered preferentially to the corners and Eq. (1) 259 

underestimates the corner uplift by up to 7.9% with a flexible grillage (kg = 0.1), falling to 260 

2% to 3% with a stiff grillage. The rigid-group relationship is therefore not unconditionally 261 
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conservative, a finding that parallels the observation of Bokor et al. [24] at the scale of a 262 

single base plate. 263 

 264 

Fig. 2. Difference between the rigid-group (Eq. 1) and frame values of the maximum design uplift 265 
under skew wind, over grillage stiffness and base fixity, for three layouts and two tank-support 266 
arrangements. 267 

 268 

5.3 Demand, Resistance and the Aspect Ratio 269 

Fig. 3 plots the design uplift of the 15 m tower against H/B together with the pedestal ceilings 270 

of Eq. (6). The uplift rises linearly with H/B once uplift begins, from 107 kN at H/B = 1.0 to 271 

622 kN at H/B = 4.4 for εt = 0.1, whereas each ceiling is a horizontal line: 130, 163, 238 and 272 

366 kN for pedestals of 600, 700, 900 and 1200 mm. The aspect ratio therefore acts only on 273 

the demand. The critical value (H/B)2 is the abscissa at which the demand line meets the 274 

ceiling of the chosen pedestal. A slender tower does not weaken its pedestals; it asks more of 275 

the same resistance. 276 
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 277 

Fig. 3. Design uplift per stanchion against H/B for εt = 0.1 and 0.6 (H = 15 m, V = 100 m³, vb = 40 278 
m/s, skew wind) with the pedestal ceilings for optimally arranged 2 by 2 groups (C30/37, cracked). 279 
Intersections are the thresholds (H/B)2. 280 

 281 

5.4 Validation Against Frame Analysis 282 

Of the 300 random towers, frame analysis combined with EN 1992-4 placed 83 in Region I, 283 

142 in Region II and 75 in Region III. The closed form placed 297 in the same region, an 284 

agreement of 99.0% (95% Wilson score interval 97.1% to 99.7%). Fig. 4 shows the sample in 285 

the plane of ρa and η, and Table 4 lists the three disagreements. All three lie within 7.5% of a 286 

boundary. Two are conservative: the closed form placed the tower just above the onset of 287 

uplift while the frame found the corner stanchion marginally in compression. The third, a 288 

nine-leg tower with a corner-supported tank, was placed just below the Region III boundary 289 

by the closed form and just above it by the frame, reflecting the underestimate identified in 290 

Section 5.2. Increasing η by 8% for multi-leg towers with corner-supported tanks removed 291 

this case without moving any correct classification to the unsafe side. 292 

Table 4. Towers classified differently by the closed form and the frame analysis. 293 
Layout η 1 + ρa Frame NEd (kN) Rigid-group NEd (kN) NRd,c (kN) Closed form Frame 
3 by 3 3.18 3.26 143.3 133.6 138.5 II III 
2 by 3 1.02 3.25 −1.9 1.1 117.0 II I 
2 by 3 1.07 1.92 −7.8 9.4 128.2 II I 



14 

 294 

 295 

Fig. 4. Regime map in the plane of pedestal capacity ratio ρa and demand ratio η for 300 random 296 
towers classified by frame analysis with EN 1992-4. The lines η = 1 and η = 1 + ρa are the region 297 
boundaries of Eqs. (2) and (8); circled points were classified differently by the closed form. 298 

 299 

5.5 Design Maps 300 

For scheme design, Eq. (9) is more conveniently drawn in the plane of basic wind velocity 301 

and aspect ratio (Fig. 5). A tower below the black curve is in Region I, between it and the 302 

curve of its pedestal in Region II, and above that curve in Region III. For εt = 0.3 at 40 m/s, 303 

enlarging the pedestal from 600 to 700 and 900 mm raises (H/B)2 from 1.47 to 1.69 and 2.18. 304 

Because the ceiling grows only with a1.5, each further increment of (H/B)2 costs a 305 

progressively larger pedestal, so enlargement helps towers near the boundary but not those 306 

well above it. 307 
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 308 

Fig. 5. Design maps for H = 15 m, V = 100 m³, C30/37 cracked, optimal 2 by 2 groups: onset 309 
threshold (H/B)1 and transition thresholds (H/B)2 for 600, 700 and 900 mm pedestals. The dotted line 310 
marks vb = 40 m/s. 311 

 312 

5.6 Worked Application 313 

Table 5 applies the criterion to both reference towers. No structural analysis is needed. Both 314 

towers lie in Region III, but by different margins. For RT-S, η = 14.71 is 3.2 times the 315 

boundary of 4.58; carrying the uplift on concrete alone would require 1714 mm pedestals or a 316 

base 10.9 m wide, so anchor reinforcement (eight H16 bars per stanchion in C30/37 with fbd = 317 

3.04 MPa, hooked bars) with an embedment of about 510 mm is the practical response.  318 

Table 5. Application of the criterion at vb = 40 m/s; a = 700 mm, C30/37 cracked, optimal 2 by 2 319 
group. 320 
Step Quantity Source RT-S (εt = 0.1) RT-H (εt = 0.6) 
1 Empty stabilising load Gempty Input 183.1 kN 673.6 kN 
2 Orthogonal moment M EN 1991-1-4 1796 kN m 1796 kN m 
3 Uplift index Λ (κ = 1.70) Section 3.2 4.90 1.33 
4 Demand ratio η Eq. (2) 14.71 4.00 
5 Design uplift NEd Eq. (2) 627.7 kN 505.1 kN 
6 Pedestal ceiling NRd,c,max Eq. (6) 163.8 kN 163.8 kN 
7 Pedestal capacity ratio ρa Eq. (8) 3.58 0.97 
8 Region η vs 1 + ρa III III 
9 (H/B)1; (H/B)2 Eqs. (3), (9) 0.30; 1.37 1.10; 2.17 
10 Pedestal for concrete only Eq. (7) 1714 mm 1483 mm 
11 Base width for Region II H/(H/B)2 10.9 m 6.9 m 
12 Anchor reinforcement per stanchion EN 1992-4 1444 mm², 8 H16 1162 mm², 6 H16 
13 Minimum embedment (e = 150, c = 50 mm) Eq. (11) 510 mm 535 mm 
14 Amplification η/(η − 1) Eq. (12) 1.07 1.33 

 321 
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For RT-H, η = 4.00 is twice the boundary of 1.97. Pedestals of 900 or 1200 mm raise the 322 

boundary only to 2.42 and 3.18; the required side is 1483 mm. For the design case of Section 323 

3.4, the same reasoning gives ρa = 163.8/82.5 = 1.99 per stanchion and a boundary of η = 324 

2.99 against η = 7.87, confirming that its decision to carry the whole uplift in anchor 325 

reinforcement was required by the resistance model. 326 

 327 

6. DISCUSSION 328 

6.1 Relation to the Codes 329 

The criterion reproduces the outcome of the EN 1992-4 check, within the errors of Section 330 

5.4, because it is an exact reduction of the rigid-group calculation and of the code resistance. 331 

It differs from the code procedure in timing, not in result: the code answers whether a given 332 

anchorage is adequate for given forces, whereas the criterion tells the designer which kind of 333 

anchorage the tower will need before the forces are computed. Its form carries over to ACI 334 

318-19 [2], whose three-edge rule has the same structure. For the optimal group in pedestals 335 

up to about 1.7 m, the ACI design ceiling is 1.18 times the EN value, the ratio of 10 × 0.70 to 336 

8.9/1.5; with the EN demand retained, (H/B)2 rises from 1.37 to 1.57 for RT-S and from 2.17 337 

to 2.37 for RT-H. Towers between these values need anchor reinforcement under EN 1992-4 338 

but not under ACI 318-19. A complete comparison would also use the ASCE/SEI 7-22 339 

combination 0.9D + 1.0W [33], which enters the criterion only through the partial factors in 340 

η. 341 

6.2 Why Light Tanks Behave Differently 342 

Equation (9) explains a pattern that is not obvious from analysis of individual towers. Light 343 

tanks have the lowest onset of uplift but the widest Region II, because their small stabilising 344 

load makes the foundation resistance large by comparison (1 + ρa = 4.57 for εt = 0.1 against 345 

1.97 for εt = 0.6). For a light tank, enlarging the pedestals or improving the concrete buys a 346 

large increase in the admissible aspect ratio; for a heavy tank the same change buys little. At 347 
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40 m/s, however, even the wide Region II of a light tank ends at aspect ratios below those of 348 

built towers, and anchor reinforcement becomes the normal outcome. 349 

6.3 Limitations 350 

The validation compares two models that share the EN 1992-4 resistance and the assumption 351 

of unyielding, uniform supports. It therefore validates the demand idealisation, not the 352 

resistance; the latter rests on the narrow-member provisions, which the available evidence 353 

suggests are conservative [21], and on no tests of anchor groups in pedestals with four close 354 

edges at the force levels considered here. Unequal foundation stiffness, dynamic 355 

amplification at partial fill, and the pedestal reinforcement that the criterion does not credit 356 

can each move a tower near a boundary; they were outside the scope of this paper and are the 357 

subject of separate work. Near a boundary, the criterion should be read as indicative. The 358 

uncertainty amplification of Eq. (12), 1.07 for RT-S and 1.33 for RT-H, shows that towers 359 

close to the onset of uplift are those whose uplift is least reliably predicted. 360 

6.4 Use in Design 361 

Four uses follow. At scheme stage, η and ρa place a proposed tower on Fig. 4 or on a map 362 

such as Fig. 5, and show whether the pedestal should be sized by Eq. (7), anchor 363 

reinforcement planned from the outset, or the base width revisited. In checking, Eq. (4) 364 

recovers η from two reported reactions, so a tower with η > 1 + ρa and no documented anchor 365 

reinforcement can be identified without re-analysis. In analysis, the rigid-group hand check 366 

should carry the 8% allowance for multi-leg towers with corner-supported tanks. In detailing, 367 

a Region III embedment is set by Eq. (11), so bolt lengths, templates and the arrangement of 368 

anchor reinforcement within a congested pedestal should be resolved at design stage. 369 

7. CONCLUSIONS 370 

1. The design uplift at the windward stanchion of an elevated tank tower equals the 371 

factored stabilising load per stanchion multiplied by (η − 1), where η is a demand 372 

ratio known at scheme stage and recoverable from two reported reactions. 373 
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2. Under the EN 1992-4 narrow-member rule, the breakout resistance of any symmetric 374 

bolt group in a square pedestal of side a cannot exceed (√6/9)k₁√fck a
1.5/γMc, a bound 375 

that contains no bolt property; it is 163.8 kN for a 700 mm C30/37 pedestal in cracked 376 

concrete. 377 

3. Concrete-only anchorage ends at (H/B)2 = (H/B)1(1 + ρa). At vb = 40 m/s this lies 378 

between 1.37 and 2.17 for a 15 m tower with a 100 m³ tank on 700 mm pedestals, so 379 

typical towers need anchor reinforcement. 380 

4. The closed form matched frame-based classification for 297 of 300 random towers 381 

(99.0%); an 8% demand allowance for multi-leg towers with corner-supported tanks 382 

removed the only unconservative case. 383 

5. The aspect ratio makes the anchorage critical by raising the demand, not by reducing 384 

the resistance; the decision to provide anchor reinforcement can therefore be taken 385 

from tank, tower and pedestal dimensions before any analysis. 386 
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